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ABSTRACT

Sediment cores have long been used to formulate
the chronology of environmental contamination. This paper
will investigate the utility of sediment cores in
determining the chronology of trace metal contamination in
Apponaug Cove, Rhode Island. A meter-long sediment core
taken from the Cove was analyzed for chromium, copper, lead,
zinc and nickel as well as organic pollutants coprostanol,
polyaromatic hydrocarbons, benzotriazole and clorobenzotriazole. The core represents a close to 200 year
record of sediments in Apponaug Cove. The cultural/economic
changes in the Watershed in addition to environmental laws
composed in the State and Federal levels which may have
correlated with changes in the environmental quality of the
study area was evaluated.
The history of economic development in the Watershed
indicated that textile manufacturing activities were a vital
source of commerce in the area. Although in the early 1900s
there might have been several small manufacturing businesses
in the area, most of the pollution can be attributed to a
single large textile firm established in 1913. Dyes used by
the textile plants were likely a major contributor to the
trace metal content in the core.
The process of evaluating potential associations
between the core data and the cultural data is presented in
ii

two ways. First, I used land use and economic data to
predict the kinds of pollutants that would be expected to
collect in Apponaug Cove. Second, I examined variation in
pollution concentrations throughout the length of the core
and attempted to predict the kinds of land use and
industrial activities that could have generated the observed
patterns of variations in metals and organic compounds. The
results of my analyses indicate that the chromium content of
the core strongly reflects the development of textile
manufacturing in the Watershed. Fluctuations in the level of
chromium reflected changes in production levels. Although,
zinc, copper and lead were used in the textile industry as
dyes, their levels did not drop as much as chromium when
textile production ceased in the Watershed. New sources of
these metals (non-point source pollution to paints and
anodes used to protect boats).
This study demonstrates the utility as well as the
limitations of sediment cores for monitoring economic
development and assessing the consequences of environmental
management policies over extended period of time.
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I. INTRODUCTION
The area of Apponaug Cove was an early site of major
industrial development.

"Apponaug will be greater than

London," was the claim made by a resident, which Wilfred H.
Munro in his 'Picturesque Rhode Island', 1881, recollected.
With growing industry and population came significant
changes in the water quality, determined by the description
of the oyster beds over time. This study is an attempt to
trace the development of Apponaug Cove, the changes in water
quality of the Cove, and the effect, if any, of early
government regulation and management practices on both
development and water quality.
Apponaug Cove is a coastal inlet connected to Greenwich
Bay which in turn opens to Narragansett Bay. The watershed
of the Cove falls within the political boundaries of Warwick
and since 1913, West Warwick, Rhode Island.
The Apponaug Cove area has undergone significant change
in historic times. According to Roger Williams,
Aponachock/Aponake were the local Indian names for oyster.
As late as the early 1800s the Cove was the site of

significant local fisheries. Oliver C. Wilbur could recall
" ... its bridge with the tide constantly ebbing and flowing
under it, the nettles, silkweed, eel grass, the mudflats,
the narrow crooked channels of the cove, the clams, quahogs,
1

scallops, mussels, winkles, razors, snails, five-fingers,
fiddler crabs, large crabs, horse feet, toad fish, grunters,
sharks, dogfish, bass, menhaden squiteaque, tautog, scup,
skipjacks, flatfish, flounders, eels, mummachogs that
abounded in its waters;" (letter written in 1846). Contrast
this to the description a century later, in the 1940s, which
referred to the foul smelling, anoxic waters with color
varying from purple to green (Pratt and Seavey, 1981). The
reason for the change was industry, which in turn brought
increased population to the area.

,

Apponaug Cove is fed by the Harding Brook, and Apponaug
Brook which connects with Gorton Pond. The area of the
watershed is about 15.54 square kilometers. The population
in 1800 was 2,532 in the town of Warwick (Walsh, ed. 1988).
The earliest industrial development were fulling mills, wool
processing plants, first established in Apponaug in about
1796. The major change came in 1859 with the establishment
of, the Oriental Prints Works which in time became one of
the largest textile manufacturers in the country. By 1900
the population of Warwick was about 21,316 (Walsh, ed.
1988). Industrial development in the area peaked about the
1890s. The Oriental Print Works, which changed its name to
-Apponaug Company, closed in 1957 and today the Apponaug Cove
watershed area is best characterized as a residential,
service area community with some light industry.
There are no quantitative data to record the change in

2

the water quality of Apponaug Cove from a fisherman's and
naturalist's paradise in 1800 to the heavily polluted foul
smelling area described a century later.

This study has two objectives. The first is an attempt to
infer the change in the environmental quality of Apponaug
Cove as industry and population increased. The change in the
Apponaug Cove can be determined from a recently collected
one meter sediment core from the Cove, location of which can
be seen in Figure 1. The sediment in the core has been laid
down in a period of almost two hundred years. The core
material has been dated and analyzed for metals and organics
(Corbin, King, Quinn et al., unpublished work). The increase
in certain metals and organic material are evidence of the
rapidly changing water quality. It is hypothesized that the
stratigraphy of metal and organic pollutants can be
correlated with the increased industry and population
change. Because the Apponaug Cove watershed is limited and
the historical records of the area are quite good, it is
believed that a coherent picture can be drawn, using the
core stratigraphy as a guide, of how and why water quality
changed during the nineteenth and twentieth century, and
what effect, if any, it had on fishing and other traditional
uses of the Cove.
The second part of the study is an attempt to show what
role, if any, government regulation played in affecting
3

Study Area, in Rhode Island
~ Apponoug Watershed
@ Narragansett Bay
Sub-basin
l&l Major Rivers
Scale 1 : 450000

Figure 1
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water quality and industrial practice. Traditionally,
regulation at the local, state or federal level is not
evoked until there is a clear need. Because industrial
development in Apponaug Cove began early, it is believed
that local, state and federal, controls to improve water
quality and protect public health were not implemented until
long after there was a need. The effect of such regulations
on Apponaug Cove is traced, using the core stratigraphy as a
guide and an attempt is made to infer recent changes in
water quality.

Geologists have long used sediment cores from the ocean
to trace the earth's geologic history. There have been
relatively few attempts to use similar techniques to trace
the history of human activity in as small an area such as
the Apponaug Cove Watershed. The Apponaug Cove watershed is
of limited size and the historical records from the area are
relatively good. Thus, it should be possible to determine
the anthropogenic sources of the material found in the
Apponaug Cove sediment core. This study should be a good
supplement to the works of Goldberg et al., 1977 and Bruland
et al., 1974 who tried to prove that sediment cores can be
used to trace historical development as well as geological
history.
Assuming a reasonable association can be found between
the known historical development of the Apponaug Cove
5

watershed and the core analysis, confidence is gained in
applying the results of such analysis to determining the
historic consequences of past attempts at water quality and
public health regulations.

To limit the area of study, the watershed of Apponaug
Cove is identified through the standard methods of using the
U.S.Geological Survey's Topographic maps.

In an effort to establish the association between the
core analysis data and the development pattern in the
watershed of the Cove the quantitative core data are
compared and contrasted with qualitative and quantitative
industrial and population development data. The core
analysis provides a sufficient

chronology of metal and

organic deposits in the Cove. The development chronology is
matched with the core data. An attempt is made to explain
any significant difference that might arise. The time
periods of new laws and regulations (local, state and
federal) is inserted in this chronology to see the effects
of political decisions and economic circumstances on the
environment of Apponaug Cove.
This study is designed to introduce the Cove and its
watershed and then discuss the metal pollution sources in
the Watershed which could be associated to the heavy metal
concentration levels in the Apponaug Cove sediment core.
6

Chapter Two, therefore, presents a geographic description of
the Watershed, followed by an introduction to the
anthropogenic history of the Watershed in Chapter Three.
Point and non-point sources of pollutants for Apponaug Cove
are discussed in the Chapters Four and Five. As a point
source pollutant, the importance of textile industry in the
Watershed becomes evident in the first three chapters,
therefore, an extensive discussion of textile manufacturing
is presented exclusively in Chapter Four. Non-point source
pollution, more difficult to address, is then discussed in
Chapter Five. The information about anthropogenic activities
is then compared and contrasted to the data produced in the
analysis of the Apponaug Cove sediment core. The result of
this exercise is presented in the final two chapters of this
study.

7

II.GEOGRAPHIC DESCRIPTION OF THE COVE AND THE WATERSHED

A. THE COVE SETTING

Apponaug Cove is a coastal inlet connected to Greenwich
Bay which into turn opens to Narragansett Bay. It has an
area of .2 square kilometers, a total volume of 20 m3, and a
mean depth of one meter. The inlet is a micro-tidal estuary
with a tidal range of less than 2 meters (Pratt and 'Seavey,
1981). The inner cove is characterized by sand bars and
tidal flats which are exposed at low tide (Pratt and Seavey
1981). Salinity levels at high tide are the same in the
inner and the outer cove at 24-25

0100

(Oviatt et al.,

1975). Mean range of tidal heights is about 1.2 meters (4
feet).
Sedimentation rates in the Cove are estimated by 210Pb
and 137Cs dating to be between .51 to .59 centimeters per
year (Jeffery Corbin unpub. thesis, 1989).

B. WATERSHED OF APPONAUG COVE

The watershed of Apponaug Cove, seen in Figure 2, an
area of 16.6 square kilometers (4100 acres), is made up of
8.8 square kilometers of glacial outwash. The remainder (5.7
square kilometers) of the watershed, excluding water-bodies,

8

small ponds and brooks, is made up of glacial till (U.S.G.S.
surfacial geology maps). Glacial outwash is sorted and
stratified drift composed mainly of sand and gravel-size
particles. Glacial till is unsorted and unstratified glacial
drift mainly fine matrix with a wide range of particle sizes
(Davis, Jr., 1983).
The major component of the riverine system of the
watershed is Harding Brook which starts at West Warwick and
enters the Cove by the village of Apponaug. Apponaug Brook,
the other freshwater stream in the watershed, connects with
Harding Brook also at the village of Apponaug.
There are eight general soil types in the watershed of
Apponaug Cove listed in table below.
Table 1. List of Soils in the Watershed (SCS General Soils
Map) .
charlton-Rock
Canton-CharIton-Sutton,
Hinckley-Merrimac, Narragansett-Bridgehampton-Wapping,
Walpole-Scarboro-Rumney Gloucester-Hinckley
Ridgebury-Whitman
Paxton-Woodbridge
-Leicester, and
Soil types found in the watershed are generally well to
moderately drained which may indicate large groundwater
reservoirs. Detailed soil information was deemed unnecessary
due to the lack of any exotic soil type which would make a
major contribution to the trace metal levels of the core
(Pashnik, pers. corom. 1989).
Ground water in the East Greenwich quad was studied by
W.B. Allen in 1956. Ground water was described as extensive
and mainly unconfined in the area of Apponaug. It was the
10

conclusion of Allen that most of the water bodies and lakes
in this quad which includes most of the watershed, are
ground water outcrops (W.B. Allen, 1956).

C. WATER QUALITY STATUS OF APPONAUG COVE AND ITS TRIBUTARIES

The present status of the watershed has been partially
studied through a Soil Conservation Service (SCS) project in
an effort to make a flood management plan for Harding Brook,
the largest fresh water input to the Cove. According to the
SCS report (1982) the Harding Brook watershed is 60%
urbanized (SCS Report 1982 pg. 6). The Apponaug Cove
watershed, which also includes all of the Harding Brook
watershed, can be described as mostly residential, small
urban centers with few areas zoned for industry. Major urban
centers are the village of Apponaug, and

small section of

Crompton and Greenwood. Approximately 40 tons of eroded
sediments from the Harding Brook watershed is delivered to
Apponaug Cove each year. The high amount of sediment erosion
is attributed to development in the watershed (SCS Report
1982 pg.6).
The shoreline of the Cove has been altered by filling
during early development of the area beginning in 1830. In
this year a major filling project started in conjunction
with construction of a railroad system. The man-made filling
caused constrained water passage between the inner and outer
11

Cove and a build up of sand and muddy sand bars (Pratt &
Seavey 1981). This is held responsible for the present
natural filling of the inner cove.
The waters of Apponaug Cove are listed as class C salt
water (SC) in the Rhode Island Department of Environmental
Management (OEM) water quality report to Congress of April
1986. The class designation refers to the kinds of
activities which are allowed to take place in the specified
waters. Boating and other secondary contact recreation, fish
and wildlife habitat and industrial cooling are all
supported by class SC waters, which are also considered to
have aesthetic value. While SC waters support a variety of
uses, the C designation indicated some reduction in water
quality. An A or B rating is given to more pristine waters.
These classifications are based on coliform and dissolved
oxygen levels.
At the present time, the Apponaug shore is used
extensively by various marinas. There are up to 200 boats
permanently anchored in the various marinas of the Cove
(OEM, 1986). The Department of Environmental Management in
Rhode Island attributes the Cove's present SC water quality
rating to pollutant discharged by the marinas. The
freshwater inputs to the Cove, Harding and Apponaug brooks,
are classified at the higher B level. Class B waters support
agricultural uses, bathing and other primary contact
recreational activities and fish and wildlife habitats. They

12

can also be tapped to supply public drinking waters (DEM,
State of the State's Waters, April 1986 pages C-1, C-7).
Apponaug Cove waters are discussed in the Lower Narragansett
Bay Basin section of the DEM river basin reports.
The condition of the inner cove is an indicator of the
healthiness of the outer cove biota. A report on the
biological activities in the inner cove is available through
the Army Corps of Engineers (Hoff and Moss, 1976). This
report is a survey of Apponaug Cove, Greenwich Bay and
Providence River, species and surfacial sediments done in
1976. Most of the information in the Army Corps report was
used for another study by Pratt and Seavey (1981). They
found Apponaug Cove ecology to be typical of

similar

brackish estuaries (Pratt & Seavey, 1981). They noted,
however, that species indicative of low oxygen conditions
and high organic pollution levels (polychaetes Capitella
capitata, Streblospio benediciti, Polydora ligni, and
oligochaete worms) are present in the Cove. One conclusion
reached by Pratt and Seavey was that the toxic metals in
Cove sediments were not in a form which would make them
available for uptake by organisms (p26).

13

III. HISTORICAL SETTING

A.HISTORICAL WATER QUALITY PATTERN

The decline of water quality in Apponaug Cove can be
seen through the early reports of the Shellfish Commission
established in 1854. This state agency was responsible for
leasing oyster beds in the Narragansett Bay. Problems with
water quality in the Bay, according to the reports of this
commission, date back to 1859 when complaints of poor
quality oysters were addressed. This is the first record, in
Rhode Island, of attributing oyster quality in the upper
Narragansett Bay, to an industry's discharge. In this
particular instance, the Providence Gas Company was at fault
(Report of Shellfish Commission 1892, pg.8).
Extensive sampling of the Bay waters did not occur
until 1910. In its annual report to the General Assembly in
1910, the Commission released data on the conditions of
various oyster beds in the Narragansett Bay. The closest
oyster sampling station to Apponaug Cove was station number
63 in Greenwich Bay. No colon bacilli count could be
obtained at station 63 due to mixes in shell-liquor in the
clam samples. It is not clear why new samples were not taken
to reevaluate the site. Instead, on the basis of its
proximity to pollution sources, station 63 was condemned for
'14

use in oyster leasing in August. In December of the same
year, however, the station site was passed conditionally.
Table 2, shows the results of water samples from Apponaug
Cove in September 20, 1910. The water was tested for
nitrates, amonia and BOD. It is clear that the textile
production activities resulted in high levels for all
elements tested.
The earliest maps of the Apponaug Cove which show
closed shellfish beds due to poor water quality date back to
1936 (Division of Fish and Wildlife, Dept. of Agriculture &
Conservation, 1936). J.A. Tarr, in his Industrial wastes and
public health: Some historical notes, part I, 1876-1932,
(1985) attributed the availability of maps to

the "New

Deal" of the 1930s. According to Tarr, the 1930s marked the
beginning of

a new era of federal government concern over

water quality and sewage problems (Engelbert, 1961; Tarr et
al., 1984).
In the 1911 Shellfish Commission Annual report, two
outfall pipes into Apponaug Cove were identified. One of
these at the time of observation discharged clear water at
about high water east of Marine street. The second outfall,
a broken cast iron pipe discharged sewer water on the north
side of the bridge at Main Street (Shellfish Commission
Report, 1911). There were no building codes in Warwick for
sanitary purposes until 1921. In addition to anthropogenic
pollutants the industrial discharges also were not
15

Table 2. Water sample results, analyzed in 1910 from
Appnaug Cove. Units are in parts per million (ppm)

ANALYSIS LOCATION
NUMBER

1208

South of
Bleachery

12089

FREE N03
NH3

CI

TOTAL
RESIDUE

5500

2560

Gorton's
Pond

150

8

12090

Print Works
Pond

150

7.5

12091

West of
Railroad

25650

13500

BOD

.001

91.7

.002

5.9

.16

.001

5.3

.06

.003 119

.64
.04

Note: Description of Total Residue was not given in the report,
however, it is assumed that it refers to particulate matter in the
water.

Source: Rhode Island Shellfish
General Assembly, 1910.

Commission
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Annual

Report

to

the

regulated. As a result, direct discharges of pollutants by
manufacturers to the waters of the Apponaug also aided in
degrading the water quality.
Dye related activities were particularly

important to

the watershed of the Cove. Benoit, in his December 1920,
report to The American Society of Mechanical Engineers on
'Organization and Construction of Dye Houses' described the
methods of discharge:
.. In times past it was customary to cut a hole in the
floor which was 4 or 5 feet above the ground and set the
machine (dye kettles and washers) on some wood bolster
or masonry piers. The waste was allowed to run out on
the ground and find its way to open drain ... (pg.866)
.. In large dye houses because of local ordinances, it is
necessary to separate the hot waste dye liquor from the
rinse water,
An auxiliary drain should be provided in
this trench
The kettle is then provided with two waste
pipes, one of which is connected to the closed drawing
and one open into the trench .. (pg.867)
Recordings of such practices correlate with residents'
description, in the 1890s, of foul smelling, anoxic waters
varying in color from purple to green (Pratt and Seavey,
1981). This contrasts sharply with an earlier observation
recorded by Munro in the 1840s which described Apponaug
environment as pristine.

B. POPULATION GROWTH AND BEHAVIOR IN THE WATERSHED

In order to understand the strains on the natural
resources and the water quality of the watershed due to
17

development, population behavior trends must be established
and studied. Pre-European settlement, European settlement
and growth of population during the Industrial Revolution is
reviewed in order to establish development patterns.
Development in the watershed of Apponaug Cove is
similar to the development pattern of many of the early
settlements in the

u.s.:

the watershed region evolved from

an agricultural community to a participant in the American
Industrial Revolution and finally to its present, largely
residential, status.
Pre-European settlement anthropogenic activities in the
watershed are not well known. It is established that almost
all of Rhode Island was within the Narragansett Tribe
territory. This native-American Tribe is associated with the
Algonkian Group. This grouping refers to language and
cultural similarities among several tribes (Whipple 1974).
The Algonkian Indians were known to be hunter-farmers
(Whipple 1974). Francis Jennings, in his 1975 book, The
Invasion of America, refers to this particular group as
"Agricultural Indians". In most cases a farm area was
maintained next to hunting grounds (Whipple, pg.61-62). To
maintain low brush in hunting grounds, they were set on fire
once or twice a year (Whipple pg 61-61). I have been unable
to determine if this was a practice in the Apponaug
Watershed area.
The town of Shawomet, now divided into Warwick and West
18

Warwick, was first settled by Samuel Gorton and his
followers in 1644. West Warwick was separated from Warwick
in 1913. Apponaug Cove watershed encloses 14% of the City of
Warwick and 18% of West Warwick, Rhode Island.
As

mentioned before, agriculture was the major

occupation of the settlers in the area (Chapin, 1916).
Although mainly a farming community originally, Warwick was
an early participant in the Industrial Revolution.
The Rhode Island Census of 1895 gives a picture of
declining agricultural activities in Warwick. Warwick
residents started to move away from their earlier
agricultural tradition toward increased participation in
industrial development. The children of farmers were more
attracted to jobs in factories than to the hard work on
farms (North 1966). By 1895, the height of Industrial
Revolution, there were only 298 farms, with an approximate
total of 16,200 acres, covering 29% of Warwick; note that
the watershed is only a total of 4096 acres (RI Census
1898).
Another activity in Apponaug may have been small scale
shipbuilding. There are passing remarks of ship building in
Apponaug. Fuller, in his History of

Warwick~

refers to

schooners and sloops that were built in Apponaug in the
early nineteenth century. He also describes the Cove in the
1800s when sloops of 15 tons burden were able to go almost
to the head of Apponaug Cove. The Apponaug Area Improvement
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Association also notes schooner traffic and ship building in
their description of Apponaug. Another citation of Apponaug
shipbuilding is made in a description of Apponaug Village by
Dorothy Mayor in 1986. These citations are made by the afore
mentioned sources only in passing. There is apparently no
record either of the kind of vessels that were built nor of
how intensive a business ship building was in Apponaug. The
literature available on shipbuilding in New England and
Rhode Island fails to mention, even in passing, a single
vessel built in the watershed.
Other early industry in the watershed including number
of fulling mills (where cotton and wool were processed) and
a lumber factory, which for some time was owned by Diammond
Match Company (Sanborne Fire Insurance Maps 1884, 1903,
1911, 1922, 1935). The role of Diammond Match Co. in the
village is not very clear. The Diammond Match Co. was a
large firm well established throughout the U.S. The company
was listed as a business rather than a manufacturer in the
1950 List of Industrial Establishments in the State of Rhode
Island. The fact that the 1950 records show Diammond Match
employing only 45 people is an indication that matches were
not being produced in this particular location. The company
may instead have been in the business of buying and
transporting lumber to its production factories (Manchester,
1940) .
All historical information on the watershed point to
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textile manufacturing as the most important activity in the
area (Kulik et al., 1978).

C.POPULATION OF THE WATERSHED

Because the watershed is not a political subdivision,
it is difficult to establish the growth rate for population
of the watershed alone. The Apponaug Cove watershed falls on
the political boundary of two towns. Only Apponaug is fully
in the watershed. The remainder of population concentrations
in Warwick and West Warwick fall outside of the watershed,
seen in Figure 3. In the absence of more detailed
ir.formation the simplest method of estimating the Watershed
population is to assume population density of the Watershed
is the same as that of the towns. Using the total population
of both towns gathered from The Rhode Island Manual, 1980
(Walsh, 1980), and assuming population distribution
throughout the watershed has been uniform, density of
population was obtained by dividing the total populations to
the total area of the two towns. A percent equal to the area
of the watershed compare to the areas of both towns was than
applied to these figures. A partial check of this assumption
can be made after 1913 when the town of West Warwick was
split off from the town of Warwick. The percentage of total
area of the watershed in each town was applied it to the
total population data for each of the towns. The result of
21

Political and Cultural Setting
of Apponaug Watershed

West

Warwick

Wa,. wick

I em

leJ '"

~'iql1re

22

3

two methods are recorded in Table 3a, (calculations in
Appendix A) where WATERSHED refers to the second method and
DENSITY WATERSHED refers to use of density in obtaining the
data. The two sets of calculations yield remarkably similar
results. The lower values are used for the purposes of
discussion.

An independent check was attempted using published
population data for the years of 1895, 1900, 1905, 1910,
1915, 1920, 1930 and 1940 for the villages in Warwick and
West Warwick (Textile Directory for the years listed).
Population of industrial villages from the Textile Directory
is recorded in table 3b. The data in this table are seen as
reliable; population for villages for 1895 and 1900 remain
same which could not be true. The

only years that show

actual changes in the population levels after 1895 are 1925
and 1940. For these years the total 'village' population was
subtracted from the total population in The Rhode Island
Manual given in table 3a to obtain an approximation of the
rural residence. At this point the percentage area used in
the earlier method is applied to this new figure which
produces an approximation of the total rural population of
Apponaug Cove Watershed. The population of Apponaug village
is then added to the rural figure to give a total population
figure for the watershed. These are recorded in Table 4 and
are compared with the data presented in Table 3a. The values
obtained for the three years are not widely different and

Table 3a. Estimate of Watershed population from the census data
for Warwick and West Warwick (Calculations in appendix
A).
DENSITY
WATERSHED

Year TOTAL
WARWICK

WATERSHED
TOTAL
WEST WARWICK

1980 87064

26975

16858

16860

1970 83694

24323

15913

15915

1960 68504

21414

13299

13300

1950 43028

19096

9379

9380

1940 28757

18188

7255

7256

1930 23196

17696

6402

6403

1920 13481

15461

4662

4662

1910 26629

3874

3874

1900 21316

3101

3101

1890 17761

2584

2584

1880 12164

1770

1769

1870 10453

1521

1521

1860

8916

1297

1297

1850

7740

1126

1126

1840

6726

978

978

1830

5529

804

804

1820

3643

530

530

1810

3757

546

547

1800

2532

368

368

1790

2493

363

363

Source: The city population data is complied from Walsh, E.F.,
1988.
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Table 3b. Population of industrial villages gathered
Textile Directory of the years shown.

VILLAGE
Apponaug

the

1895 1900 1905 1910 1915 1920 1925 1930 1940
800

Centervillel120
Crompton

from

800
1120

900

Hill Grove 185

800
1620

800

800

800 1800 1800 1410

1620 1620 1620 3035 3035

900 1200 1200 1200 1200 2232 2232 2232
185

400

400

400

400 1820 1820

Nat ic

1650 1650 3750 3750 3750 3750 5488 5488

Phenix

1500 1500 3010 3010 3010 3010 3325 3325 3325

Pontiac

690

River Point 625
TOTAL

690 1400 1400 1400 1400 1400 1400
625

625

625

625

809

625

7470 7470 12805 12805 12805 12805 19100 19100 7776

Source: Textile Directory The Blue Book, 1895, 1900, 1905, 1910,
1915, 1920, 1925, 1930, 1940. U.S. and Canada, Davison Publishing
Company, New York.
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Table

YEAR

4. Comparison of populations, for selected years, using
village data from the Textile Directory to the calculated
Watershed data.

VILLAGE
DATA

WATERSHED
BY AREA

1940

7256

8665

1925

5800

5920

1895

3098

2924

Note: The years are selected for the years which had a population
were recorded as unique numbers and not repeated in the Textile
Directory.

Source: Walsh, E.F., 1988 data is used for Watershed data
calculations and for the village data, the Textile Directory
The
Blue Book, 1895, 1925, 1940, Published by the Davison Publishing
Company, New York is used.
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thus lend some confidence to earlier calculations
Figure 4, presents a steady increase in population in
the watershed. Overall, a steady population increase is seen
all through the closing of the Industrial Revolution era in
the early 1900s. The persistent population growth even after
the Industrial Revolution is probably due to suburbanization
and changing of the economic base from manufacturing to
services.
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Population of the Apponaug Watershed, using density data
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Figure 4.. Population trend for the Apponaug Watershed. The general increase line of the population began 10 have a higher slope post 1930s. This may
be auributed to .beller transportation and subarbinizalion.

IV. TEXTILES

A. TEXTILE DEVELOPMENT IN NEW ENGLAND

The effect, in the late 1700s, of American
independence,

on textile manufacturing was great. Large

scale development of the cotton industry did not occur until
after the American Revolution. In 1805 the mills still
depended on cotton imports. An insufficient amount of cotton
to meet the quantity demanded by the cotton mills in the
Northeast was a handicap (M.B. Hammond, 1987). Lack of
communication with England and the

curtailme~t

of trade

during the American Revolution, had forced the colony's
inhabitants to search for other forms of fulfilling their
needs rather then imports from England (Wilson, 1979).
Industrial development in the new country after her
independence did not take place as quickly as was expected.
It was thought that without strict British rules on domestic
industrial development the economy of the new country would
grow rapidly, but this did not immediately occur. North
(1966), in The Economic Growth of United States 1790-1860,
attributes the lack of growth to the closing of foreign
market doors to the American merchants. No longer a colony,
the U.S. had lost its preferential treatment by Great
Britain. As a result, her ships were no longer able to carry
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on trade with Britain or the West Indies colonies under
favorable conditions. The European war of 1797, which led to
the great embargo of 1807 by the U.S., further impaired the
U.S. shipping activities (North 1966). The U.S. embargo of
British goods, resulted in distress in the American economy.
However, it also caused increase manufacturing activity
within the U.S. In 1808 there were only 15 cotton mills
operating in the whole of the country but at the end of 1809
there were some 90 such mills in operation, mainly located
in the Northeast (North 1966, pg.57).
Under such conditions, New England emerged as a leader
in textile manufacturing in the early periods of the
industrial revolution (North, 1966; Mayer, 1953). The
reasons for this were several. The region had distinct
population centers which allowed for commerce and
availability of labor. This labor pool was enlarged as the
major flows of immigration to the new country in the 1850s
came mainly to the Northeast because of the destination
points of shipping routes from Europe to the U.S.

(North

1966). The routes of both trade and immigration between
European countries and the U.S. were such that New England
was well linked to Europe during the great industrial
development. As a result, transfer of new technology,
industrial methods and discoveries in chemistry related to
manufacturing would first arrive in the Northeast and than
disperse to southern and western states (Williams, 1982).
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A climatic energy map based on temperature and
variability of humidity was produced by Huntington and
William in 1926. This map identified New England as the most
favored region of the United States for textile
manufacturing. The climate, appropriate water quality,
availability and access to raw material and markets by water
and land gave the region its advantage over other areas of
the country. It is not clear if the authors' intent was to
encourage investment in this part of the country. Burgy in
The New England Cotton Textile: A Study in Industrial
Geography, implies there might be some biases in the
Huntington and William book, especially since the 1920s
marked the years in which many of the textile firms moved to
the southern states. Burgy, 1932, reported that at times
southern textile manufacturers would send their fabrics to
the Northeast for finishing because of the quality of the
Northeast states' water.

Rhode Island, with 66 textile establishments, was
responsible for 40 percent of the total output of New
England textile goods in 1925 (J.H.Burgy, 1932). The capital
accumulated in Rhode Island through trading slaves and
spices as a British Colony allowed for the ability of the
merchants to make large investments in the early 1800s
(North 1966). Beginning in 1800 Rhode Island became a center
of intense industrial activity, the most important of which
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was the textile manufacturing industry. According to
Zuckerman in The Political Economy of Industrial Rhode
Island 1790-1860, for decades after 1820 the textile
industry depended on water for power. In his research,
Zuckerman calculated that two-thirds of all industries in
Rhode Island were in the Pawtuxet and Blackstone valleys
(pg.205).
The history of manufacturing in Rhode Island is not one
of smooth success. The Rhode Island textile industry was
heavily dependent on the southern states. The southern
states were the major consumers of products from Rhode
Island and later were also major suppliers of cotton to this
State. Consequently, slight changes in demand for goods and
the supply of cotton would have major effects on Rhode
Island producers. The years of the British-French war, 18121815, and of the great embargo in 1808, were years of growth
in mill activities in the state. This is attributed to
higher prices for the small quantity of goods available
(Zambarano 1957; Zuckerman 1981). The "peace crisis" of
1815, which Zuckerman (1981) attributes to flooding of the
market with cheap British goods, caused a depression in
production of Rhode Island factories. The depression
preceded years of steady growth in 1820s after tariffs were
set for imports in 1816. In Rhode Island, the number of
cotton mills grew 20% from 99 in 1815 to 119 in 1832
(Zuckerman, 1981 pg.202).
32

The next major setback in production occurred in 1837
which was caused by major changes in the U.S. banking
system. Issues connected with backing paper money with gold
caused problems in trading throughout the country across all
industries. The resulting depression continued up to 1840,
which was the start of the period of great prosperity for
Rhode Island. Although the Civil War era meant shortages in
cotton supply for the textile mills, it also led to
increased prices for what little was available. These price
increases made the years financially rewarding for large_
plant owners.
Steam power introduced in manufacturing firms in 1846
allowed for increased production in the textiles industries
throughout New England. From 1840 to the beginnings of the
Civil-War in 1861 the textile industry was growing in New
England. LeBlanc (1969) describes this as a period when
large firms took over textile manufacturing. Small fulling
mills were taken over and turned into large industries
employing large numbers of people. The situation was further
complicated by extensive immigration waves during the 1850s
(North 1966).
The end of Civil War brought about a decade of
increased production in the textile business. Steam power
became common in New England firms by 1875 (LeBlanc 1969).
In the 1880s-1900s, the large capital investments made in a
few large firms by both American and foreign investors

(French and British) allowed for further mechanization of
the firms. Smaller, inefficient firms were driven out of
business (LeBlanc 1969-116; R. Greenwood per. comm June
10/89).
Synthetic dye production was at a peak in the years
between 1880 up to 1920s. This eras is called the 'azo' era
for reasons of increased development in the dyeing field;
azo, refers to organic dye compounds (Little, 1931). Aniline
black production in u.S. in 1880s is one example of the
development in the field. Some of these discoveries are
presented in table 5.
Parallel to chemical developments in the dyeing
process, the 'azo' era also marks advances in mechanics of
dyeing. The first mechanical dyeing mechanism was introduced
in 1882 in the United Kingdom (Scholehied 1934). The process
would allow fabric to remain stationary while dyes were
pumped through them.
The number of textile establishments declined from 5930
to 5798 between 1899-1904 in the United States. However,
total emploYment in the industry increased from 716,000 to
813,000. These figures

refl~ct

the trend toward fewer

establishments of larger size (U.S Census of 1904).
According to the U.S. Census, the number of establishments
continued to increase until 1925. The growth in number of
establishment was followed by a corresponding reduction in
the numbers of textile manufacturing firms after 1925. The

Table 5. A time table of some noteworthy dye discoveries.
The table is a combination of works by Bemiss, 1815;
Carter, 1911; Fordenwolf, 1934; Fraps, 1903; Glins, 1969;
Green et al., 1934; Higgins, 1919, Napier, 1875; Noelting
et al., 1906 and Rauch, 1815;.
YEAR ELEMENT OR EVENT
1788 First
cotton
made
(Massachusetts)

by

machinery

in

New

England

1790 Slater Mill, one of the first mechanical textile mills,
began operation
1796 Marketing of hydrochloric acid instead of chlorine for
bleaching
1856 Color of magenta discovered. Using mercuric nitrate or
arsenic acid and copper nitrobenzene
1866 Claims of importing aniline dye to Boston
1871 Discoveries of phthalein dyestuffs
1876 Use of coal-tar dyes.
1881 Discovery of gallocyanines
1884 Expansion of knowledge on compound or~g~ns of dyes.
Formation of Textile Colouring Trade in U.K. Production
of
Malachite
Green,
Acid
Green,
Erythrosines,
triphenylmethane and phthalein used to for dyes. Use of
benzidine, tetrazo compounds.
1886 Discovery of chrysophenins
1887- Introduction of more azo molecules
1897
1889 Introduction of chromotrapes, first dyes to which the
principle of 'after chroming' or 'chrome-developing' was
applied (chroming deepen shades and fastened colors)
1893 Discovery of dyes containing sulfonic group for wool that
could be chromed after dyeing.
1900 A simpler method of chrome-fixation introduced by Berlin
Aniline Company.
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1900-Use of anthraquinone dyes.
1910
1909 Discovery of copper's affect on sulfuric dyes in reducing
acidity of fiber.
1914 Introduction of ready made soluble chromium derivatives
of aZQ compounds.
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cycle reversed itself again, but growth levels did not reach
1925 levels for a second time until 1954. The number of

u.s.

textile industries has been declining, since 1954, toward
1909 levels (U.S. Census, 1976).
In Rhode Island the decline came sooner. The decade
between 1919-1929 was identified as one in which drastic
changes occurred in U.S. industrial activities. Firms moved
away from their points of origin, mainly the northeast. New
England lost its textile industries to cheaper, newer and
more efficient factories based in the southern states (Wells
and Perkins, 1935).
By the late 1920s it was clear that New England had
lost its edge over other states. Higher standards of living
required higher wages. Labor disputes in addition to aging
factories in the Northeast resulted in manufacturers moving
south where labor was cheaper and new factories were cheaper
to build (Wells and Perkins, 1935). In areas with dense
manufacturing activities, such as the Merrimack Valley, good
water quality had been an important resource and a factor in
the area's development. Now the earlier quality advantage
was also lost as a result of continued discharge of waste by
manufacturers to streams (Burgy, 1932). According to Burgy:
Industrialization in Southeastern New England, the
center of finishing industry, has been responsible for
the pollution of the streams, the former advantage of
water purity must now be discounted. pg. 219
The aging New England mills were limited by the space
available for expansion and incorporation of new technology.
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The most noteworthy development in mechanization of dyeing,
since the pumping of dyes through fibers in 1882, was
introduced in 1920 in United Kingdom. This mechanism
referred to as 'booster bath',

'pad booster' or 'liquid

phase development system', would allow padding of fabric
through sulfuric acid baths (Meunier, 1956 ed. White Jr.).
The attraction of the system was that it would use the dye
solution more efficiently. This system resulted in reduced
use of dyes. The only short coming of this system was that
it required large output in order to be economically viable.
Large textile firms would be the target of this development.
Apponaug Company would be considered a medium size company.
The closed system dyeing mechanism was introduced in
the U.S. in 1930s (Scholehied, 1934). This was a combination
of the 'booster bath' and the 1882 introduced pumping of dye
mechanism.

B. TEXTILE MANUFACTURING DEVELOPMENT IN THE WATERSHED

The first step in industrialization of any area in the
U.S. was the establishment of fulling mills. This, as
elsewhere, was exactly what happened in Apponaug Watershed
(Wilson 1984-234). The first record of

~evelopment

in

Apponaug Village was a permit granted to build a fulling
mill, Micarter Fulling Mill, on the Kekamewit Brook, now
known as Harding Brook, in 1696 (Apponaug Area Improvement
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known as Harding Brook, in 1696 (Apponaug Area Improvement
Ass. 1989). This particular mill combined with Manchester
Mill (est. 1809) and a mill owned by the Greene family
became the Oriental Print Works in 1859. This company later
expanded into Apponaug Company in 1913, a dyeing, printing
and finishing textile factory. Apponaug Company was closed
in 1957.
The next record of industrial development in the
watershed dates to 1796. In this year, a tide mill for
grinding of farm products was built in the Apponaug Village
near the bridge where the present railroad tracks pass. It
is believed that this particular mill became a large lumber
processing plant (Sanborne Insurance records, 1898). By the
early 1800s, larger textile related factories began to
emerge in the watershed. The most important indicator of
this was construction of the Stonnington Railroad in 1830,
suggesting the growth of commerce in the village of
Apponaug. The Rhode Island and Warwick business directories
list 20 people/companies involved in bleaching or printworks in the Apponaug Watershed. This list is reproduced in
table 6. It is not known how large the operation of the
listed names had been, there also is a lack of continuity in
the listing of people. Table 6 is presented to identify some
of the types of activities in the Watershed.
David Chase in his Masters thesis on textile activities
in Rhode Island, lists two other companies not included in
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Table 6. List of Rhode Island and Warwick Business Directories
in the Apponaug Watershed.

NAME
Orient Print
Works
Lippit
Bary,

TIME PERIOD

ACTIVITY

Manuf.

Dying

1872

Printing

1872

Co.

R.

Brown,

and

L.E.

Bleachery

1914

Print

1914

Works

Card, W.E.

Bleachery

1914

Dawley

Bleachery

1914

Donnelly

Copper

19'4

Fly n n

Print

Works

1914

Harrod

Print

Works

1914

Lei g h

Rubber

Linehu

Bleachery

1914

McDonald

Bleachery

1914

McVay

Bleachery

1914

Porritch

Print

1914

Rose

Bleachery

1914

Woodwarth

Print

1914

Source: Warwick
Directory.

Tarnish

1914

Work

Works

Works

Business

Directory
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and

Rhode

Island

Business

the directories. These are the Toll Gate Mill,

(established

in 1875) and the Yarn Factory (est. date unknown).
Another major source of textile development information
is a publication put out by Textile World, called, Textile
Directory. This particular directory names textile
factories, notes their specializations, and gives addresses
for their New York offices. It is not clear, however, what
measures were used to gather firms for the directory. The
following three firms appear at least once in the Textile
World Directory over the course of its years of
publications:

Howard Co.,print works
Oriental Print Works
Narragansett Cotton Mill

Apponaug
Apponaug
Apponaug

1891
1891
1919

By 1940, according to the Textile Directory, just one of
these three firms, the Apponaug Company (same as Oriental
Print Works), remained in the watershed region.
The Rhode Island Business Directory, dating back to
1872, mentions 21 textile related businesses in the
watershed. The nationally oriented Textile Directory of
1903, on the other hand only refers to 2 firms in the
watershed. The discrepancy presumably relates to a
difference in the minimum size of the operations the two
publications chose to include. Clearly the Rhode Island
Business directory had much lower threshold than the
nationally oriented the Textile Directory. The number of
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factories listed in the Textile Directory grew to a high of
3 in 1924 but had dropped to only 1 firm in the Watershed by
1937.
The Warwick Directory is not a good indicator of
companies either. At various times the Narragansett Cotton
Mill and the Howard Co. appear and disappear from the

directory. Apponaug Company, however, is well documented by
this directory up to 1957. None of the available data
sources indicate exactly how large this company was. The
only general indication of the company's size is given by
the List of Industrial Establishments in the State of Rhode
Island for 1950. This document categorized the Apponaug
Company as employing 500 or more employees. The Diammond
Match Company, also listed, was recorded as employing
between 0 to 49 people.
Another potential source of information, Sanborne Fire
Insurance Company maps, are made available by the Library of
Congress and provide extensive data base for all of Rhode
Island. The Sanborne maps, however, offer very few details
about the Apponaug Company. The only information given is
that this company was insured by Mutual Risk Company and not
Sanborne. Various efforts to learn more about the Mutual
Risk Company and to track down its records have been
unsuccessful (Rhode Island Insurance Commission Reports, and
the Office of Insurance Commissioners for the State of New
York).
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c.

PROCESS INVOLVED IN TEXTILE MANUFACTURING

In an effort to make associations between textile
manufacturing activities and the Apponaug Cove sediment core
heavy metal content, general manufacturing processes, and
the extent and form of chemicals used in manufacturing will
be reviewed.
In order to understand the form of possible pollutants
discharged into the Apponaug Cove a brief introduction to
fulling, dyeing and finishing processes is necessary.
Since Apponaug was called the Fulling Village in its
earlier days, it is appropriate to discuss initially the
process of fulling which took place in the watershed.
Fulling refers to a process in which loosely woven wool is
shrunk into a closely woven cloth.

(Masselli et al., 1954

pg. 10). The processes of boiling and beating the wool for
shrinking and felting would also take place in fulling
mills. Fuller's earth (hydrated aluminum silicate clay) was

used after the wool was boiled in solution to remove grease
and oil (Wilson,1979 pg.84). The description of the solution
varies with different manuals, some refer to soap and others
mention potassium bichromate, tartar, oxalic acid, lactic
acid or sulfuric acids (Wilson, 1979-84; Masselli et al.,
1954-11; Fraps 1903).

The acids were used to destroy

vegetable matter adhering to wool.
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Mercerization somewhat analogous to the fulling
process used for wool is the process needed for cotton to
give it strength and luster and dye affinity (Wilson, 1979).
This process involved treating the cotton fabric with sodium
hydroxide (caustic soda), the first record of this procedure
is in 1840.
Finishing, refers to cleaning and whitening the fabric
after it is woven. Stale urine, human and animal, because of
the ammonia produced after decomposition, was used
extensively for this task well into the middle of 18th
century. Chlorine bleaching was first used in 1774 in
England; the first recorded usage of chlorine as a bleaching
agent in the U.S. was in 1810 (K.Wilson, 1979). Acetic acid
was also extensively used in bleaching practices. Masselli
et al (1954 page 15), note that an accepted mixture of 9
pounds of acetic acid to 1500 gallons of water, estimated
14.4 pounds of BOD and 10.4 pounds of alkalinity per 1,000
pounds of wool bleached. Process of bleaching cotton also
required use of an other solution containing caustic soda
mixed with silicates or phosphates which acted as wetting
agents (Burford et al., 1953 pg.11).
Dyeing and printing are the most important processes
for the purposes of this paper since they require the
application of chemicals, containing trace metals. Colors
held a mystical value from earliest times. Wilson (1979) in
his book, History of Textile, speaks of the myths
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surrounding process of coloring and colored cloths. He
records mentions of different colors' powers of healing and
causing illnesses. He reports of beliefs that pregnant women
were not to go near dye pots; and that the color blue was
seen as a remedy for rheumatism. Such myths can only be
attributed to the elements which cloths were exposed to in
order to obtain their colors.
In late 18th century, an active search began for new
chemicals which would be used to increase speed of
processes, allow for more choices of color and cheaper
production of textile goods. European chemists, Germans and
French in particular, were pioneers of this era. In the U.S.
on the other hand there was little in the way of research
and development but the American industrialists were quick
to use new European technologies in their factories. The
exact date of introduction into the U.S. of new discoveries
in Europe, is not evident in the literature.
Color bearing organic compounds (chromophors) were used
for dying. In order to make these compounds more soluble
mordant salts containing aluminum, iron, tin and chromium
were mixed in solutions. These mordants were added to dye
baths or applied to fabrics to be printed before dipping
into dye. Dyes are classified by the form in which they are
applied and not the chemicals used in them.
Most important dyes are vat dyes, where a solution of
dye-sodium hydrosulfite and caustic soda is used to dip
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cloth in. Direct dyes, which are water soluble are in
solution with sodium carbonate and Glauber's salt (sodium
chloride). After dipping cloth in this dye bath the material
is treated with copper sulfate-acetic acid, potassium
chromate-acetic acid or formaldehyde-acetic acid. The final
treatment is for creating shades of a color. Developed dyes,
refer to colors that form on the fabric and not in solution.
Naphthol dyes, are similar to developed dyes except a dye
bath after absorption of the chemical by the fiber is
needed. Sulfur dyes, are similar to vat dyes except this
form of dyes need a bath with solutions such as sodium
hydrosulfite, glucose, or xylose. Aniline black dye, refers
to dye bath made up of aniline hydrochloride and sodium or
potassium chlorate (Burford et. al 1953-12).
Some of the mineral dyes identified by Wilson are
copper minerals such as blue azurite and green malachite; a
sulfide of arsenic lead oxide and lapis lazuli. Table 7a
represents some of the chemicals used pre-1930s in textile
manufacturing activities.
Pratt and Seavey,

(1981) produced another table of

chemicals used in the Apponaug Company, a dyeing and
printing factory, through personal communication with two
retired plant workers. The chemicals summarized by Pratt and
Seavey are different from elements in Table 7b. It is
assumed that the Table 7b elements were those in use at the
time of the closing of the firm in 1957.·
46

Table

7a.

Selected

DISCOVERY

elements

ELEMENT

and

their

usage

in

textile

dyeing.

NOTES

FORM OF USAGE

A I u min a

Sulfate of AI
Aniline Colors
AI2(S 04)3+ 12HJO
Chloride of AI
Carbonizing Wool
AI2CI6
AI
Sulfocyanate Alizarine Red
AI2(CNS)6

Copper

Protocide of Cu, Blue
Sulphate of Cu

Color
Extensive use with
Zinc Compounds

CuS04+5H20
Nitrate of Cu
Used to Oxidize
Chloride of Cu
Extensive Use
Acetate of Cu
Dark Green Color
Cu(C2H302)OH+2112H20
Arsenite and
Light Green Color
Arsenite of Copper
Iron

16 th
Century

Zinc

Acetate of Fe
Fe(C2H302)2
Ferrous Sulphate
FeS04+H20
Chloride of Zn
ZnCI2
Nitrate of Zn
Zinc Dust
Metalic Zinc and
Zinc Oxide
Zinc Sulphate
ZnS04+H20

1751

Alizarine
Aniline

Colors
Colors

Soldering
Calico

Printing and
Yellow Color
Discharge
Agent

Calico

Printing

Nickel

Sulphate of Ni
Chloride of Ni
Nitrate of Ni
Acetate of Ni
Ni(C2H302)2

Green Color
Emerald Green
Emerald Green
Alizarine Blue

Lead

Suboxide of Pb
Nitrate of Pb
Acetate of Pb
Suplphate of Pb
Chloride of Pb

Greenish-Blue
Orange Color
Extensive Use
Extensibe Use
Used with Chrome
Green Color
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for

1797

Chrome

Cr of Lead
Chrome Alum
Fluoride of
Chromium
Chloride of
Sulfocyanate
Bichromate
Potash Cr

Tin

Barium

Sn
Chloride of Sn
Oxalate of Sn
Sn(C204)2
Acetate of Sn

Discharge of Printing
Bright Blue
Used for Printing
Discharge

of

Printing

Bariu m Chloride
Used for Whitenning
Ba
S u lfocya na te Preparing Cr mordant

Magnesium
Mg
Acids

Cr
Acetate
Cr
of Cr
of

Superior Red
Uset to Obtain Other
Cr Mordants
Alizarine Colors
Used for Printing
Alizarine Colors
Used for Printing
Extensive Use for
Yellow, Green, and
Orange Colors

Mg Carbonate
Acetate

Acetic Acid
Sulfuric Acid

4B

Calico

Alizarine Colors
Printing

Fixing Agent for Wool
Used in Bleaching

Table 7b . A reproduction of table of dyes gathered by Pratt
and Seavey (1982 page 46-47).
1) Inorganic bleached, oxidizing agents and washing agents
toxic
in concentrated solutions but soluble and nonpersistent,
chlorine
hydrogen peroxide
sodium bisulfate
sodium hydroxide
sodium sulfide
2)Inorganic chemicals with minimal toxicity
aluminum dictate
sodium borate
dibasic ammonium phosphate
3)Organic chemicals used in formulating resins, toxic until
combined in stable polymers.
dicyanodiamid
phenylic acid
resorcinol
vinyl chloride
vinyl acetate
formal dehyde
4)Non-toxic polymerized resins
melamine
phenol formaldehyde
urea formaldehyde
polyvinyl chloride (PVC)
5)Pigment colors including many insoluble metal salts of low
toxicity
chromic sulfate
chromic oxide
lead chromate
6)Soluble chrome and tin salts used as mordants, toxic
7)Non-aromatic hydrocarbons with low toxicity
praggin emulsions
lubricating oil
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No further information has been found as to the extent
of chemical usage in dyeing activities in the watershed
based textile manufacturers. A sample of present day
discharge by textile firms is presented in table 7c. The
relatively low volume of chromium discharged at present time
may be due to new dyeing processes.
Printing in modern times began in 1752. The importance
of this process to this paper is only the involvement of
dyes in the procedure. Generally printing took place through
an engraved surface either copperplate or wood tainted with
dye which was forced upon a cloth.

Dyes used in printing

are in paste form, usually made up of water and mordants in
addition to either glycerol or cotton seed oil to prevent
the pastes from becoming hard (Burford et. aI, 1953).
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Table 7C. Table of trace metals in solution discharged by
textile mills in 1978.
Dying Sys.

METAL

NO. OF SAMPLES ANALYZED
VALUE

AVERAGE
mg/l

Cotton-Direct

Chromium
Copper
Lead
Zinc

10
3
10
10

.07
3.93
.42
.87

Wool-Acid

Chromium
Copper
Lead
Zinc

9
9
9
9

.11
.07
.22
3.43

Note: The simplest dying systems are represented here. The
use of these systems in the Apponaug Company is not
known. For further information on dying systems please
refer to R.H. Horning 1978.
Source: Horning,R. 1978, pg. 233-239.
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SUMMARY

In summary, textile production was the significant
polluting activity in the Watershed of Apponaug Cove. The
fulling, mercerization and finishing process, involved in
textile production, were not significant processes in the
context of metal pollution of the sediments. The reason for
this is the presence of elements discharged from these
processes in sea water. Dyeing on the other hand required
metals for both their color and mordant properties,
therefore, most of the metal pollutants in the sediments are
suspected to have come from dyes used in textile
manufacturing activities.
Aside from point source polluters such as the textile
manufacturing firms, non-point source pollution would be
another source of metal pollution of the Apponaug Cove
sediments. The next section addresses non-point source
pollution.
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V. NON-POINT SOURCE POLLUTION

It has been difficult to quantify point source
pollution from the single manufacturing company in the
watershed: the non-point source pollution quantification is
even more difficult. Non-point source pollution refers to
pollutant loadings through sources which are not directly
discharging to a water body or sewage treatment facilities.
Non-point source pollution usually stems from runoff due to
storm events, combined sewer overflows and even failing
septic systems.
Non-point source pollution has been the subject of
several major EPA reports since 1975. These reports address
the importance of this source for organic and metal
pollutants entering various water bodies. In general,
throughout the U.S. the EPA estimates that 50% of the water
quality alteration is due to non-point source pollution from
urbanized areas in the watershed (U.S.EPA Water Planning
Division, 1984).
It is clear that over time the type of land-use /
land-cover has changed in the watershed. The EPA estimates
that, for sites where the natural land cover is preserved
only 10% of the stormwater runs off the land. By contrast,
when 20% of total area is paved, at the same site, the
runoff for the paved area is 10% to 20%, which is equal to
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the runoff for the total site, before paving (U.S.EPA Water
Planning Division, 1984). Agricultural land has a different
type of runoff than residential, commercial and industrial
land-uses. The type and amount of runoff on agricultural
land is regulated by crop behavior in that, at the, time of
initial planting there is more sediment eroded and with it
more pesticides and herbicides.
Several non-point source pollution models have been
developed that take into account different types of activity
in watersheds. These models quantify the extent of land use
and land cover. Important to the models are variables such
as size or population density of the watershed. Data are
collected from aerial photographs or field work for a number
of sites spread throughout the target area. Universal
pollution loading rates are assigned to each activity (landuse or land-cover). Final calculations result in pollutant
loadings for each activity over the period of a day or a
storm event. Models used in conjunction with field studies
are more desirable. Field studies eliminate the inaccuracies
by reducing the use of universal pollutant loading rates and
the need for guessing land-use and land-cover types.
In an effort to use a model in quantifying historical
changes in non-point source pollution in the Apponaug
Watershed several issues arose. In a variety of areas data
were sparse, unreliable or altogether unavailable. Problems
developed in gathering data on the roads in the watershed,
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lack of data on pollutant loading into the Cove from its
tributaries or groundwater and finally and most importantly,
in creating a reliable picture of historical land-use /
land-cover activities.
The size of Apponaug Cove Watershed becomes a critical
factor when viewing possible models for use. In the case of
larger watersheds the assumptions on which the models are
based become less risky. For example, a model which predicts
10% of residential land-cover per 20,000 inhabitants is more
accurate for a larger size area. This is because there will
be enough variation in distribution of wealth so that
overall figures for residence size and location will not be
skewed by income. In a small area this is not the case
because of the possibility of having only one income group
in the watershed.
Finally it must be noted that models developed for the
present must be applied with great care to the past.
Practices change in time. For example lead was introduced in
automobile gasoline about 1923 and it began to be phased out
in 1970s. Never-the-less, it seemed useful to attempt to
make some estimate of the amount and variety of non-point
source pollutants feeding in to Apponaug Cove.
Table 8 contains some metal loadings due to runoff as
calculated using an EPA non-point source pollution model
that was produced in 1976. Calculations used to produce the
data in this table are recorded. in Appendix B. The variables
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Table 8. Pollutant loadings for present time using EPA
1975 model. Loading rate for all types of land-use is
291 Ibs/curb mile/day. The data are presented in kg/day.
For total roads in watershed.

LAND-USE

Cu

Residential

4.3

66.6

Commercial

6.2

160

Industrial

Cr

12.9

Pb

Ni
1.3
1.9

54.

Source: Calculations in the Appendix B.
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Zn

24.2

considered in this particular model are the type of land use
in the watershed, pollution loading factors, and solid
loading factor per day. The land use categories found in the
EPA tables only describe between 50% to 57% of the total
acreage area of watershed. Nonetheless, the extent of each
of these categories is then used to obtain a figure for
loading rate in pounds per curb mile of road per day.
Loadings solids per day are assigned for each district
(Southeast, Northeast, and so on) in the u.S. Once loading
rates are obtained then in the same table there are
pollutant concentrations per dry solid for each watershed
land use type. The EPA report itself in identifying sources
of data characterizes them as 'very small and unreliable'
(McElroy et al., EPA, 1976).
Total present day road length was used to calculate
metals in runoff as presented in Table 9. Pollution loading
data from the Wanielista (1979), Stormwater Management:
Quantity and Quality, was used in combination with an EPA
road curb length model to obtain the data in Table 10
(calculations in Appendix A). The variable in the EPA model
is population density. This particular model was used
because population density in the Apponaug watershed over
time can be used to estimate pollutant loading due to
runoff. Road runoff and runoff from parking lots are most
critical in water quality determinations because of the
heavy metal, and polycyclic aromatic hydrocarbons (PAR)
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Table 8. Pollutant loadings for present time using EPA
1975 model. Loading rate for all types of land-use is
291 lbs/curb mile/day. The data are presented in kg/day.
For total roads in watershed.

LAND-USE

Cu

Residential

4.3

66.6

Commercial

6.2

160

Industrial

Cr

12.9

Pb

Ni
1.3
1.9

54.

Source: Calculations in the Appendix B.
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Zn

24.2

Table 9. Pollutant loading for present day total road length
in the Watershed. Data is in kg/day.

METALS

Cr

Ni

CITY STREETS

3.9

.5

RURAL STREETS

4.9

2.3

Cu
1.8

.77

Pb

Zn

23.9

5.9

1.5

1.5

Source: Calculations in Appendix C. Wanielista, M.P. 1979
pg. 13. Present day road length from U.S.G.S. 7.5 minute
quadrangle.
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Table 10. Runoff from roads over past 50 yeras. The curb length
obtained from EPA models using the population density in
the watershed as a variable. Metal levels, Kg/day in
discharge are obtained from Wanielista 1979. Curb length
resulting from the model is higher then actual curb
len g t h
as indicated by 1975 data.

YEAR

Pb

Cu

Ni

Zn

CURB

Cr

URBAN 1980 301.8
RURAL

4.5
5.7

.6
2.7

2.1
.9

28.1
1.8

6.9
1.8

URBAN 1970 293.8
RURAL

4.4
5.6

.6
2.6

2.5
.9

27.3
1.7

6.7
1.7

URBAN 1960 266.8
RURAL

4
5.1

.5
2.4

1.9
.8

24.8
1.6

6.1
1.6

URBAN 1950 221.8
RURAL

3.3
4.2

.4
2

1.5
.7

20.6
1.3

5.1
1.3

URBAN 1940 193.1
RURAL

2.9
3.7

.4
1.7

1.3
.6

18
1.2

4.4
1.2

URBAN 1930 181
RURAL

2.7
3.4

1.6

21.2
.5

16.8
1.1

4.7
1.1

LENGTH
(k m)

.4

NOTE: The total curb length in the Apponaug Watershed from the
U.S. Geological Surveys, 7,5 minute quadrangles (.Iatest revision in
1975) is calculated to be 257.5 kilometers.
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associated with automobiles (Scott, 1989; Lagerwerff et al.,
1970; Hana et al., 1983; Dragoescu et al., 1989; Hoffman et
al., 1985; Hoffman et al., 1984; Gupta et al., 1978).
The Wanielista tables address runoff from roads in the
1970s. This means that both leaded and unleaded gasoline
usage is addressed. For purposes of consistency population
data after 1927 are used to obtain runoff loadings, because
of introduction of leaded gasoline. Comparing Tables 9 and
10 the high number for curb length which effects pollutant
levels for 1980 in the EPA model is apparent.
Runoff from roads in urban areas, as shown in Table 10,
is the source of Pb, Zn, Cr and Ni respectively. Lead is the
highest product of the roads; zinc, on the other hand, has
less of a role in runoff. Chromium is an even lesser
constituent of runoff. Nickel levels are almost negligible.
Another type of model deals solely with road runoff.
The variables involved in this model are road length,
traffic density, number of axles per vehicle and pollutant
deposition rate. The length of roads, traffic density and
number of axles per vehicle in the watershed are available
for the 1980s. However, in order to understand the pattern
of pollution entering the Cove historical data on road
length over time are needed. Historical road length
information is not available. Even if curb length values
used for Table 6 are used there is no historical information
on traffic density. Traffic density refers to number of
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vehicles traveling on a road per day. As mentioned before, a
count of traffic on Rhode Island state roads is available
from the Department of Transportation (DOT) for the 1980s.
It must be noted that the researcher came across a road
count map of East Providence for 1907. This means that
traffic count data was occasionally compiled even at the
beginning of the century. In general, however, traffic count
data for town roads, which are more abundant in the
watershed than are state roads, is not available (Warwick
and West Warwick Public Works offices 1989). The annual
traffic counts provided by the DOT are affected by the small
size of the watershed: segments which contain vehicle counts
are often not completely in

th~

Watershed. The deposition

rate of pollutants given for the EPA model is an average
number representing as universal rate for the Northeast,
which the EPA has used for runoff modeling in its 1976
report.
Over all, the tables are important in identifying the
constituent elements of runoff. There is no information,
however, as to how much of the runoff makes its way to the
Apponaug Cove or its tributaries. Even if it is assumed that
all of the runoff filters into the Cove the final
composition of the run off once it reaches the Cove is
unknown. The potential advantage of using these runoff
models is that they might help quantify metals entering the
Watershed from roads in the area.
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SUMMARY

The literature indicates that lead comprises a
significant portion of non-point source pollution after
1930s. The other two metals which have a strong presence in
the non-point source pollution are zinc and chromium. The
extent to which the sediment core reflects this particular
source of metal pollutants will be seen in the next sections
when the metal levels are plotted against time.

63-

VI. ANALYSIS

The purpose of this work is to associate anthropogenic
development of the Apponaug watershed to organic and metal
pollutants analyzed in the APP sediment core. A textile
company was identified as the most important manufacturing
industry in the watershed. Population and textile
development trends are used for making these associations.
There is no record of the Apponaug Company's production
levels. Consequently the company's activities are assumed to
be the direct result of the general economy of textile
manufacturing throughout the U.S. This assumption is
necessary in order to correlate metal concentration levels
with events in the watershed such as economic depressions or
prosperous times. In the previous section on textile economy
major peaks and depressions of the textile industry in the
U.S. and Rhode Island were discussed. Information put forth
in all the previous sections is used for answering the
research question at hand which is, as stated before,
testing the researcher's ability to infer change in the
environmental quality of Apponaug Cove as the region
progressed from rural sparsely populated farming economy to
a densely populated industrial area. A second objective is
to evaluate the role of institutional regulations in
changing of environmental quality in Apponaug Cove.
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To achieve these goals this chapter is divided into 3
sections. In the first section, information about patterns
of development is used to create a chronology of events
taking place in the watershed for the past 200 years. Table
11 is a chronology of events that might have an effect on
the environment of Apponaug Cove, either through an actual
event or by showing the mode of the time. This table is
compiled to be used as a reference in this chapter. Using
the chronology of events in the Watershed, the expected
distribution of pollutants in the sediment core is inferred.

The second section entails a literature review
pertaining to sediment core analysis, a discussion of
general sources for metal deposition in the marine
environment, a discussion of fluctuations in levels of
metals over the time covered by the APP core which could be
associated with anthropogenic activities. The final section
covers the merger of the anthropogenic data and metals
concentration data to verify the chronology of events in the
watershed.
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Table

11. Chronology
resources.

of

activities

pertaining

to

water

YEAR

EVENT / ACTION TAKEN

1800

Last of 15 ton schooners built in Apponaug
by the DeWolf family

1811

Providence Water Society originates the installment
of drains directing run off from streets to coastal
inlets and coves

1853

Discussions of pure water distribution for the
City of Providence by the General Assembly.

1861

Examination of substances emptying into public
waters of Rhode Island. Bleacheries, print-works
and chemical works were studied. The conclusion was
that harmful substances are dumped in the waters by
the industries but the water bodies dilute them and
cancel their toxicity.

1871

Drinking water is piped in from the Pawtuxet River
for the City of Providence.

1876
1877
1884

Newport installed a water system
Pawtucket installed a water system
City of Woonsocket installed a water system

1890

Warwick and Coventry Water Company is established
to supply Crompton and Apponaug established. Used
gravity system to transport water from Carr's
Pond. (Sandborn Ins. Maps)

1893

Providence Sewage Treatment Plant is
established (Bricker-Urso & Nixon 1989-5)

1921

State
Board
established.

1923

First application of antiknock additive tetraethyl
lead to gasoline used for automobiles (Bricker-Urso
& Nixon 1989-12).

1924

Warwick passes its first building codes. Regulations
dealt with the location of water closets and the
number per employee.

1926

Pawtuxet River is no longer used as a water supply
source for City of Providence.

of

Purification
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of

waters

is

1929

Warwick (city wide) water system is developed.

1965

Department of Natural Resources is established
(the present day Department of Environmental
Management).
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A. ESTIMATIONS OF SEDIMENT CORE CONTENT FROM CULTURAL DATA
- EARLY DEVELOPMENTS PRE-1830
The first settlements in the 1690s were farming
communities. Such forms of settlement required little
centralized infrastructure. The result of farming
development, as it affects the water quality of Apponaug
Cove, may only be through increased sediment loading due to
cleared farm land. It is accepted throughout the literature
that sediment yield increases at the time of initial
cultivation due to lack of any root pattern to hold soil in
place.

(Brune 1951; Dunne and Leopold, 1978-680; McElroy et

al., 1976). Increased loading may also have released soil
bound trace metals and deposited them in the Cove.
Fulling mills, a snuff mill and a mill used for cutting
wood, the first forms of industrial establishments, began
the process of transforming the farming settlements to
centers of commerce (Apponaug Area Improvement Association,
1989; Sande, 1975; Dunwell, 1978). The only remaining trace
of the commerce in the mid-1900s was the Apponaug Company.
The mills needed power which came from dams utilized by
water-wheels. Therefore, the contribution of mills to the
water quality of the Apponaug Cove would have been in the
form of altering the freshwater influx pattern and also
altering the suspended sediment transport to the Cove dams.
The pollution caused by the discharge from fulling
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mills would be only in the very immediate area of the mill.
Discharge for short time periods would change the pH of the
water by addition of substances containing chlorine. As
mentioned in the section on textiles, chlorine and bleaching
powder, the only chemicals used in the fulling process, were
available since 1774 and 1804 respectively (Hummel, 1906ed.Haslvch).
Records do not show exactly when fulling mills became
dyeing and printing establishments. From the general trends
in the industry, however, it is concluded that extensive
manufacturing based dyeing activities did not begin until
the late 1830s. Most firms began with bleaching and cloth
weaving and small scale dyeing endeavors.
Wood processing mills are not expected to have had much
of a toxic discharge. The discharge would result in layers
of saw dust deposited in the Cove bed. Layers of saw dust
were found in the Inner Cove and not in the Apponaug Cove.
As to snuffing mill,

(tobacco grinding), it appears to

have been a short term activity. This activity is not
expected to be traced to any of the metals in the sediment
core.
Records of shipping activities, transport and building,
refer to 15 ton schooners going in the Cove as late as 1800
(Warwick Beacon 1986). Because of a lack of data on the
extent of ship building it is going to be assumed that this
activity associated with the DeWolf Family of Bristol prior
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to 18005 did not affect the metal concentrations for period
of the core is dated for.
There were two major hurricanes in this period of time.
One in 1807 swept away bridges over Seekonk and Moshassuck
rivers in Providence. There is little record of the damages
in the Narragansett Bay caused by the Big Gale of 1815
(Carroll,

~932),

as it was called and no record of any

effect on the Apponaug Cove by either storm.

- LARGE COMMERCE CENTER, 1830 TO CIVIL WAR ERA

The Stonnington Railroad which connected Apponaug and
Crompton villages to major markets in the North and South
was built and became operational by 1837. The implications
of the railroad construction are several. In order to build
the railroad a bridge was erected at the present boundary
between inner and outer Cove. Construction of the railroad
bridge required major filling on both banks of the Cove.
Filling must have accelerated the rate of sedimentation in
the inner Cove which is continuously being filled to the
present day. Since the new railroad used coal one would
expect to find increased Pb, Zn and CU in the air-soil and
air-water interface near the bridge. The relationship
between coal combustion and trace metals are shown in Table
12.
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Table 12. Some sources of trace
and
finishing
processes.

metals other

then

textile

dyeing

METALS INPUT

TYPE OF DISCHARGE SOURCE UNITS

Cr
Cu
Pb
Zn
Ni

Urban

.005-.3
.05-.9
.3-3.2
.1-1.7
.02-.36

u g/ m 3

1

Air

1300
1500
3000
no data
3000

Fly

Cr
Cu
Pb
Zn
Ni

6200
2900
1700
26800
5600

3
Coal Combustion
Fly ash and discharge
SIag

Cr
Cu
Pb
Zn
Ni

.0014
.0064
.045
.044
.003

2

u g/ g m

Cr
Cu
Pb
Zn
Ni

Ash

tons/year

Prescepitation
Loid, New Jersey

4

mg/I

Cr
Cu
Pb
Zn
Ni

77
14
88
206
34

Sediment and
Suspended Matter
in Southern Lake
Michigan

5

ug/ gm

Cr
Cu
Pb
Zn
Ni

192
93
1430
350
28

Runoff
Residential
Rhode Island

6

ug/gm

Cr
Cu
Pb
Zn
Ni

5
9
15
22
6

6

u g/ g m

Open
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Space

Runoff

Cr
Cu
Pb
Zn
Ni

225
133
3440
520
no data

Cr
Cu
Pb
Zn
Ni

288
128
2780
368
41

Cr
Cu
Pb
Zn
Ni

no data
.04-.21
.07-.28
.14-.85
.02-.36

Commercial

Light

Runoff

Industry

Runoff

6

ug/ gm

6

u g/ g m

7

Top-Soil at
rural U.K .

ppm

Cr
Cu
Pb
Zn
Ni

2.43
no data
no data
13.3
no data

Cr
Cu
Pb
Zn
Ni

60
300
1
240
80

Sewage Treatment
Facilities

9

u g/I

Cr
Cu
Pb
Zn
Ni

120
56
870
210
17

High Density Urban
Storm Runoff

10

u g/I

Surface Water Measures
in WiUiams Lake
Washington

8

SOURCE OF DATA:
1. Torrey,S. 1978 pg.12
2. Torrey,S. 1978 pg.13
3. Torrey,S. 1978 pg.152
4. Santschi,P.H. et al" 1984 pg.445
5. Leland, V. et al., 1973 pg.98
6. Rhode Island Statewide Planning Office, 1979
7. Purves,D. 1985 pg.56
8. Singer, P.C. editor (Andelman et aI.) 1973 pg.69
9. Olsen, S. and V.Lee 1979 pg. 267
10. Olsen,S. and V.Lee 1979 pg. 146
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ug/I

The 1837 depression in textile industries, which as
discussed before was due to changes in banking systems,
proceeded a period of extensive growth in the industry
throughout the U.S. This growth brought new innovations such
as use of steam power in 1846 and more efficient dyeing
methods.
Population of the Apponaug Watershed do not show any
pattern. None of the major cultural events recorded in the
Rhode Island history, such as the immigration wave of 1840
to 1850 nor any of the major economic depressions of 1890s
and 1930s, are reflected by the data.
Since there is no exact information as to when steam
power was first used in Apponaug it is assumed that i.t may
not have happened until 1859 when the Oriental Print Works
began operations by taking over the 3 fulling mills in the
area. If in fact steam engines were used by 1859 then the
extra horse power would lead to increased production in
textile manufacturing. As a result of higher production
levels, an increase in the concentration of metals in the
Cove can be inferred. Expansion of textile processing and
use of coal for steam engines would result in an increase in
levels of Cu, Pb and Zn not only due to discharge of dyes
but also because of coal combustion.
Chromium was used extensively in dyeing processes, both
in solution making dyes and also as a mordant for dye
solutions not readily absorbed. Sulphate of Cr and Cu both
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were used as mordants, however use of sulphate of Cr is more
prominent than Cu. Therefore, as discussed in the textile
section, changes in production should be closely reflected
in the concentration levels of chromium in the sediments,
however, it is not clear when chrome was first used in the
dyeing process. Increases in Cr should become apparent in
the core about the 1860s, during the period of vigorous
growth of the Apponaug textile industry.
Chromium, Cu, and Zn are used in various wood
preservatives, but it is not known to what extent particular
wood preservatives were used in the Apponaug lumber mill
(S.W. Hathaway 1980-28to30).
The first study of the Bay pollution levels was carried
out by the Shellfish Commission in 1861. The study cited
pOllution of waters due to textile activities, however it
emphasized the dilution of discharge by sea water. The
Shellfish Commission emphasized oil and gas to be hazardous
discharges because substances associated with oil and gas
were seen floating on various parts of the Bay. Discharging
pollutants in sea water was an accepted activity due to the
dilution properties of sea water; this type of attitude
prevailed well into the twentieth century throughout the
United States (Melosi, 1985-504).

- POST CIVIL WAR ERA UP TO 20TH CENTURY
There was an enormous boom in textile activities the
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1870-1880, after the Civil War, except for a slight drop in
1877 (Zinn, 1980). The increase is seen both in population
and production. The population increases of almost 40% would
increase discharge of human waste into the water body. At
this time, primary sewage treatment was only available in
larger cities. The City of Providence, began its sewage
treatment plant in 1893. An increase in Cr levels and other
chemicals should be most dramatic in the post Civil War era
because of the intensity of the Industrial Revolution at
this time.
American Aniline Co., began production of aniline dyes
in the U.S. in 1880 after an original unsuccessful attempt
to market aniline dyes in 1860. Also, the first synthetic
indigo dyes were produced in 1880s (Higgins, 1919; Munro et
ale 1881). These innovations and their acceptance in the
textile market show the active search for better dyeing
methods and increased dyeing and printing activities
throughout the country's textile manufacturers.
It was not until after 1890 that electric power became
financially feasible for use in textile mills. However, it
is not known when the Oriental Print Works, if ever, ceased
to generate its own power. A 1942 Providence Journal article
about the prospect of closing the plant mentions 18,000
gallons of Bunker C oil used in the factory ('Big Warwick
Mill Facing Shutdown' J12-31-42:16). Whether oil was
primarily used for heating or to run the factory is not
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known.
A public water supply became available for Apponaug and
several other villages in the City of Warwick in 1890. The
significance of this is easy access to a large quantity of
water for residential users which might have resulted in an
increase of organic pollutants discharged to the Cove. The
Apponaug Company's water supply was a well on the factory
grounds which tapped into groundwater. It is not known when
the Company began using the town water. In the 1950s, the
well water was only being used for emergency drinking water.

The country lapsed into a major depression in 1893.
Records of mill closing and bank failures leads this
researcher to assume a major drop for the period of 2-3
years after the depression (Zinn 1986-217). This low in
production might be seen in the metal levels of the sediment
core.

- TWENTIETH CENTURY DEVELOPMENTS

Oyster contamination became an issue of concern in
1904. The publication in the Providence Medical Journal, of
an article concerning sewage discharge relation to oyster
contamination (Fuller 1904-39) is an indication of new
awareness on the pollution front. As discussed in the
section on historical water quality, areas in Apponaug Cove
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and Greenwich Bay were also closed for oyster fishing in the
summer of 1910. The sporadic nature of information found on
the closing of shellfish bed in this area does not indicate
if the beds have been closed ever since 1910 or were opened
at a later time.
The population within the Watershed has been increasing
since 1910 despite the decline of the New England textile
business. The reason for this has been assumed to be
transportation. Better means of transportation and more
availability of automobiles in 1920s allowed people to move
away from central business districts resulting in the
beginning of suburbs. Suburbinization of the Watershed
increased the total area of impervious surfaces. Increased
atmospheric lead and polycyclic aromatic hydrocarbon
pollutants due to gasoline combustion are additional effects
of increased automobile usage.
The profitable years during World War I, must have
encouraged the textile industry to expand. As mentioned
before Apponaug Company, previously the Oriental Print
Works, 1913, undertook a large expansion project beginning
in 1920. The nature of textile manufacturing had altered
from its traditional products. The early 1920s were
significant because of fashion becoming an important part of
life. More color experiments and prints were demanded by the
market. The result of this is expected to show up in the
core as an increase in all of the chemicals which were used
77

in the dyeing process. The intermittent construction ended
in 1928 by which time the textile market in New England
started declining.
The East Greenwich Sewage treatment plant began
operation in 1921. Warwick began investigating and
implementing building codes dealing with sanitary issues in
the same year. The Board of Purification of Waters,
responsible for pollution control at the State level, was
also established in 1923. The codes at this time refer to
number of water closets per employee and the location of out
houses in new buildings. Therefore, an immediate effect on
the sediment core content is not anticipated.

The decline of the New England textile industry
beginning in the mid-1920s was not a reflection of decline
in market demand as was the case in previous depression
times. Factories closed operations in the Northeast and
moved to Southern states. Therefore, the reduction in
numbers of establishments in New England did not mean a
decrease of production in factories that remained in-place
such as Apponaug company. In fact major plant renovations
took place during this time period.
The sizable reduction in production during 1930-31 at a
time of general economic depression in the country is
expected to be reflected on the Cr concentration levels of
the core depending on the effects of depression on Apponaug
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Company. It is interesting to view an article dated July
1931, in the Providence Journal, which refers to major odor
problems in the Apponaug Cove at a time when the country was
trying to come out of a major economic depression. It must
be emphasized that description given in the article makes
the problem seem caused by overflowing cesspools and
eutrophication rather then actual dye discharge which is
referred to in passing ('Apponaug Cove's Odors Start War on
Pollution'). The reasons for this outcry may be the practice
of cleaning the factory equipment. It was common to close
the factory in late spring on early summer, the time of
least production, and clean dye kettles with heavy chemical
removers (D.Reynolds, pers. comm. June 10, 1989).
A period of healthy textile business followed the
depression of 1930. From late 1930s up to mid 1940s the
textile industry had become more stable. The positive
stability in the industry should be reflected in the
sediment core as a series of small fluctuations in the
concentration levels of the metals. The fluctuations would
be generally from sources other then textile processing.
Water pipes made of iron, human waste and increased
development in the form of suburbinization in the watershed
would affect concentrations of metals.
Concern over pollution, one form of which was expressed

in the 1931 Providence Journal article, was followed by the
passage of General Law 634 in the General Assembly in 1938,
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which changed the format of the Board of Water Purification
from a three member board to a division of Water
Purification within the Department of Health with more
powers. An indication of growing concern on human heath due
to environmental issues such as water quality.
Textile plants began closing throughout the state by
1947. It is interesting to note that most articles holding
textile industries responsible for pollution were written at
this time period. Rhode Island textile industries were also
cited in a nationwide report on problems of discharge of
waste without treatment in 1937 (Providence Journal).
Shellfish bed closure maps for Apponaug Cove were made
available at this time.
As said before major outcries came after World War II,
in 1947, when Apponaug Company was already in a low
production mode and on the verge of closing, due to loss of
military business. An article called Pollution in Apponaug
Cove Kills Fish, Ruins Nails, Caused Stench' appeared in the
Providence Journal in August of 1947. The article mentions
dyes turning color of the water into different shades of
yellow and purple!
Industry induced pollution had become a subject of
research in 1950s. The New England Interstate Water
Pollution Control Commission prepared a report in 1951
dealing with industrial waste in New England. The type of
pollutant from each industry was addressed but there was no
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recommendation for regulations. Concerns over the Bay
pollution were at this time entirely of organic nature,
metal contamination was not perceived to be an issue. As a
result, pollutants were studied through the BOD or amount of
organic waste discharged with no mention of metals (New
England Interstate Water pollution Commission 1951; Burford,
1953). This report was followed by two other reports
concentrating on textile industry pollution inducing
discharge (J.W.Masselli and M.G. Burford, 1954; M.G.Burford
et al., 1953). Again in these reports there was no mention
of trace metals discharged. Acidity, alkalinity, BOD, and
total suspended solids were variables studied. These efforts
clearly indicate the slow awareness of industrial pollution
and the importance of understanding types and amounts of
pollutants discharged to the water bodies.
Other significant events in the watershed after 1950
were the sewage treatment facility for parts of watershed in
Warwick in 1956, closing of Apponaug Company in 1957 and its
replacement by Standard Die Co. and G.M. Gannon in 1964. It
is significant to note that Apponaug village itself was not
sewered until 1986 (Warwick Wastewater Treatment officer,
pers. comm February 1989). This is despite steady population
increase after 1915.
Apponaug Cove is still not open to shellfishing. Since
fecal coliform counts are used as the basis of closing
shellfish beds in the State of Rhode Island, the present day
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pollution problems, as mentioned before, are attributed to
marina activities in the Cove. Marina activities have only
become issues of concern in the past decade. Concentration
of boats in semi-enclosed water bodies are known to cause
eutrophication and increased fecal coliform counts. Boats in
marinas also contribute to metal contamination of the waters
through paints containing lead (until mid-1970s) and copper
for boat bottoms and zinc anodes for prevention of
electrolyses.

-EVOLUTION OF POLLUTION RELATED LEGISLATION

Early in the twentieth century water pollution became
an issue of concern. The emphasis however was on public
health effects produced directly by polluted waters. The
evolution of concerns about the environment are summarized
in Table 13, which is a collection of Federal laws related
to pollution.
Pollution definition has evolved from the 1920s. It is
worth looking at various definitions of pollution through
time in order to capture an idea of scientific knowledge and
policy makers awareness of issues.
As can be seen from Table 14, the first State law on
water pollution was passed in 1920. Chapter 1914 of the 1920
general Assembly laws 'An Act to prohibit and Regulate the
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Table ~3. A Summary ~f federal government legislation dealing
wlth water quallty and air quality up to 1980.

YEAR

LEGISLATION

1899

Rivers and Harbors Act, prohibited dumping of
debris and material which may obstruct navigational
paths. Not designed to protect the water.

1912

Public Health Service Act

1924

Oil Pollution Act, dealing with pollution
vessels (J.C. Davies III, 1970-pg38)

1948

Water Pollution Control Act (P.L.80.845), providing
loans for sewage treatment plants. Mentions of
watershed base, interstate pollution controls.
Establishing National Water Pollution Control Board
(Davies III, 1970).

1956

Water Pollution control Act Amendments of 1956 (PL
84-660). More money for sewage treatment plants.
Increased authorization of federal government and
state cooperations.

1963

Clean Air Act (PL88-206). First step in intrastate
air pollution controls.

1965

Water Quality Act
(PL89-234) .
Water
standards were demanded from each state.

1965

Motor Vehicle Air Pollution Control Act (PL89-272).
Sulfur oxides research from automobile usage.

1970

National Environmental Policy Act (42 U.S.C.4321 et
seq). Requiring Environmental Impact Statements be
prepared for all federal government major actions
that impact the environment.

1972

Water Pollution Control AC~ or Clean Water Act (33
U.S.C.1251 et seq.). Set out to eliminate discharge
of pollutants and make the waters of the country
swimmable and fishable by 1983 (OTA, 1987 pg.151).

1972

Coastal Zone Management Act (16U.S.C.1451 et seq).
Providing federal grants to states coastal resourc:e
management plans based on balance of economlC
pressure
user
conflicts
and
environmental
protection. (OTA, 1987 pg.145)

form

quality

I

1974

Safe Drinking Water Act (42U.S.C.
83

300(f)et seq.).

Mandating drinking water standards (OTA-146).
1976

Toxic Substances Control Act (U.S.C. 2601 et seq.).
Regulating industries distribution and discharge of
chemicals which may have effects on the human or the
environment.

1977

Clean Air Act Amendments, (42 U.S.C.7401 et seq).
Emission control and air quality standards. (OTA,
1987 pg.145)

1980

Amendments to the Coastal Zone Management Act,
encouraging states to protect coastal natural
resources recommending spacial area management plans
for harbors, bays and estuaries. (OTA, 1987 pg. 145) .

1980

Comprehensive Environmental Response, Compensation
and Liability Act or Superfund (42 U.S.C.9601 et
seq). Set up to provide aid in emergency clean up.
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Table 14. Summary of public law in the State of Rhode
Island dealing with water pollution.

YEAR

LEGISLATION

1920

Chapter 1914, An Act to Prohibit and Regulate the
Pollution of the Waters of the State.

1923

Chapter 125, An amendment to establish the Board of
Purification of Waters, dealing with pollution. A
state level 3 member board.

1938

Chapter 634, An amendment to upgrade the Board
Purification
of
Waters
to
the
Division
of
Purification of Waters established in the Department
of Health.

1958

P.L. 170, Providing financial penalty up to $500.00
for violating the Water Pollution act of 1920.

1963

P.L. 89, Creating the division of water pollution
control to take over the water purification
division.

1966

P.L. 261, reestablishing the Water Pollution Law.

1967

P.L. 198, An Act Authorizing the Issue of Bonds and
Notes for the State Aid to Sewage Treatment
Facilities.

1970

P.L. 88, An Act Strengthening the Water Pollution
Control Law as it Pertains to the Director of
Heal th' s Legal Authority and Enforcement Provisions.
P.L.
162,
Establishing Governor's Council of
Environmental Quality, whose Duty Shall Be to
Provide a Board and Independent Overview of Current
and Long term Trends in the Quality of Our State
Environment and to Advice the Governor on Steps
which may and should be Taken to Improve the
Quality.

1971

P.L. 236, An Act Regarding Obstructing or polluting
Streams, Brooks and Ponds.

1973

P.L. 207, An Amendment for,
within 200 feet of Water

1977

Solid waste Disposal

P.L.
140,
Set
up
of
Public
Hearings
and
Investigations on Pollution charges. Fines for
polluting are still $500.00.
. .
P.L. 182, An Act Enlarging and Recogn~z~ng t~e St~te
Department of Natural Resources and Chang~ng ~ts
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name to Department of Environmental Management.
1980

P.L. 239, Amendments holding polluters liable for
their wrong doings.

1982

P.L. 370, An Act Relating to Waters and Navigation.
pollution monitoring system establishment.

1983

P.L. 149, refinement of pollution and water body
descriptions, also dealing with Point source for
the first real time.

1985

P.L. 486, Amendments for underground storage
tank regulations.

1986

P.L. 96, Regulating waste from seagoing vessels.
to Establish The Rhode Island Clean Water
Act, Environmental Trust Fund and Authorizing the
Issuance of Bonds to Finance A Portion of The Trust
Fund.
An Act
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Pollution of the Water of the State' is a reflection of what
was perceived as pollution at that tJ.·me

. d
perJ.o . Sewage was

described as several particular elements such as human
animal excrement, dyestuff, oJ.·l an d t ar an d J.n
. general:
.. Any substance which may be injurious to public
health or comfort or which would injuriously
affect the natural and healthy propagation, growth
or development of any fish or shellfish in the
waters of this state ..
Another description of pollution is given in 1938 (chapter
634):
.. Entrance or discharge of sewage into any of the
waters of the state in such quantity as to cause
or be likely to cause, either by itself or in
connection with other sewage so discharged, damage
to the public or to any person having a right to
used said waters for boating, fishing or other
purposes.
The next major change to the definition is recorded in
Public Law 261, 1966 as,
.. entrance or discharge of sewage into any of the
waters of the State in such quantity weather by
itself or in connection with other sewage
discharged as to alter the physical or chemical
properties or biology of said waters including
change in temperature, taste, color, turbidity or
color and cause damage to .. boating, fishing, ...
This description clearly indicates the changed view of water
resources. From a resource to be developed for direct
economic benefit of people to a resource where changes in
its status indicate unhealthy environment over all.
Contrast the above definition to the most recent
description of pollution in Public Law 149, 1983, which
indicates further scientific knowledge of complexities of
the environment and importance of any man induced change;
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... the man-made or man induced alteration of chemical
physical, biological and radiological integrity of
'
water ..

In the first definition emphasis is still put on damage to
boating and fishing where as the second more sophisticated
description views the water as holding integrity independent
of its fishability.
The present definition of pollution as given by the
Rhode Island Division of Water Resource, Department of
Environmental Management in 1988 is;
.. the entrance or discharge of any "pollutant" into any
of the waters of the State in such quantity, either by
itself or in connection with other "pollutants" so
discharged, as to alter the physical or chemical
properties, or biology, of said waters, including
change in temperature, taste, color, turbidity or odor,
and to cause or be likely to cause damage to the
public, or to any person having a right to use said
waters for boating, fishing or other purposes, or
owning property in, under or bordering upon the same.
Both descriptions, of 1920 and 1938, reflect the mode of
attitudes towards natural resources in that they were to
have, one way or another, direct benefit for human usage. If
shellfish beds were already closed there seemed to be no
reason to improve upon the environment for reopening them.
This was the case for the Apponaug Cove, where as early as
1911, their poor conditions were evident but no steps were
taken to improve the situation. This attitude is not only
blamed on the economics of environmental improvements but
also it was the result of the lack of scientific notion of
88

ecology and the interrelations of ecosystems. However, the
mere existence of the law indicates concerns about
environmental quality.
Legislation passed after the closing of Apponaug
Company are also listed in Table 14. The legislation after
1950s reflect a better vision of water resources, however
their affect on the discharge of the industries can not be
studied since the factory closed before it could be properly
regulated (Davis, 1970).
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B. SEDIMENT CORE DESCRIPTION

There is no historical record of pollution levels in
Apponaug Cove. In order to reconstruct historical pollution
levels, activities in the Watershed are associated with
trace metal and organic pollutant analysis of the Apponaug
Cove sediment core (APP core).
For the purposes of making

asso~iation

between the Core

analysis and watershed activities three assumptions need to
be made. The most important assumption is that the core is a
true representation of the sediment stratigraphy in the
Apponaug Cove.
The second assumption, necessary in order to correlate
the anthropogenic development to the metal content of the
APP core, is that the core content is proportional to the
rate of pollutants release to Apponaug Cove. Thus changes in
the concentration levels of the trace metals and organic
compounds can be assumed to reflect the water quality
resulting from the Watershed activities. Bioturbation,
physical mixing and diagenic affects are three of the most
important processes which may alter the stratigraphy and
pollution concentration levels in the Cove. The relevance
and importance of these processes will be discussed later.
The final assumption is that the sediment core can be
dated. Although, dating of the sediment core is not perfect,
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it must be assumed that the data presented are correct with
the margin of error provided. Some of the shortcomings of
dating techniques will be discussed later in this section.
The use of sediment cores in estimating trace metal
contents, sedimentation rates and overall recreation of
biota at the time of sediment laying are thoroughly
investigated (Bricker-Urso et al., 1989; Helz et al., 1985;
Benninger et al., 1979; Farmer, 1983; Allen and Rae, 1986;
Hallberg, 1979; Christensen & Chien, 1981; Biggs, 1970;
Goldberg et al., 1976; Sinex & Helz, 1982; Crecelius &
Piper, 1973; Koide et al., 1973; Bjorseth, 1979; Prahl et
al., 1984; Forstner et al., 1978; Evans & Rigler, 1980;
Santschi et al., 1984). Unless anoxic conditions exist it is
expected that sediment cores may not show an exact record of
the material laid down because of biological activities
(bioturbation) altering the content of the sediment core.
However, extensive work by many investigators has shown that
sediment core records can still be an essential part of
understanding the background levels of metals, sedimentation
rates, and biochemical activities throughout the world.

- PROCESSES AFFECTING SEDIMENT CORE QUALITY

The two major processes which may affect the quality of
a sediment core as an indicator of historical trace metal
and organic pollutants are physical mixing and bioturbation
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(Santschi et al. 1984; Santschi , 1980., Farmer ,
~

1983; Aston &

Chester, 1976; Turekian et al. 1980; Benninger et al., 1979;
Goldberg et al., 1976 and '77). Biological or physical
mixing Occur during the time of initial settlement. Physical
mixing refers to sediment carried away from the initial
deposit area due to tidal and wave processes that move the
sediment around after deposition. In a study of trace metal
distribution in the Long Island sound by Benninger et al. in
1979, zones of rapid mixing were established up to a depth
of 15 cm. Apponaug Cove with a tidal influx of 4 feet in the
outer cove is also potentially affected by sediment mixing.
For the Apponaug Cove sediment core, the active section of
sediment mixing and bioturbation is determined to be in the
range of the upper 10 centimeters (Jeffrey Corbin, unpub.
thesis, 1989). The quality of data in the top 10 centimeter
layer of the core are weaker then the rest of the core,
since disturbing activities are present. It must be
emphasized that the 10 centimeter zone of mixing existed
throughout the sediment core, however, through time layers
of sediments have become more stable.
Another factor affecting the quality of the core is the
sediment transport from outside the Cove. Narragansett Bay
may

contribute sediment to Apponaug Cove. Although, the

exact extent of sediment transport from and/or to Greenwich
Bay and Narraganse tt Bay are not known, some inferences can
"
t transported into Apponaug Cove from
be drawn of se d ~men
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Narragansett Bay by two organic pollutants, benzotriazole
and chloro-benzotriazole. These two chemicals, found in the
core, were only produced in the upper Providence area
between 1963 and 1972 by a company called Ciba-Geigy. The
only means of depositing them in the Cove is through water
and sediment transport from the Narragansett Bay.

BIOTURBATION AND DIAGENIC PROCESSES

Once settled on the bottom the sediments are subject to
bioturbation and diagenic processes. Burrowing biota have
been recorded to penetrate as much as 115 cm in Long Island
Sound (Benninger et. al 1979). However, most frequent depths
of burrowing in vertical profiles are seen from 0 to 8 cm up
to 14-16 cm (Farmer, 1983). The macrobenthic animals found

in the Apponaug Cove are surface deposit feeders or
suspension feeders rather than deep burrowers. As mentioned
before, bioturbation affects in Apponaug Cove are thought to
be limited to a depth of 10 cm from water sediment interface
(J.King pers. comm. May 9 1989).
Diagenic effects (upward migration) of Pb, Cu, Cr and
Zn, are usually rare.

(Corbin, 1989; Farmer, 1983; Benninger

et al., 1979; Edgington and Robbins, 1976; Morel et al.,
1975). Nickel, on the other hand, has a high expectancy rate
for upward migration through the sediment column (MOrel et
al., 1975-759; J.Corbin,

1989). Because of this, caution
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must be exercised in using nickel distribution in the core
to draw inferences about its historical trend.

TRACE METAL SETTLING

The process of trace metal settlement in estuaries is a
complex one involving many variables. The rapid change of
salinity and pH as fresh water enters an estuary, results in
trace metal settlement in flocculated form. The metals
attach to suspended sediments then settle to the bottom of
the estuary (Helz et al., 1985; Aston & Chester, 1976;
Zirino & Yamamoto, 1972). Suspended organic matter is a
primary flocculating substance since it combines and absorbs
metals with high efficiency (Hallberg, 1979). High
efficiency refers to the ability of the metals to form
strong and stable bonds. In a study of Gulf of Bothnia trace
metals, Hallberg describes copper and zinc as metals with
high efficiency. He found significant correlations between
organic matter and copper, zinc and lead content in sediment
cores (pg.268). Organic matter is also correlated strongly
with Ni (Christensen & Chien, 1981; Aston & Chester 1976;
Goldberg et al. 1976; Morel et al 1975; King, personal corom.
1988).
The lead, zinc, chromium and copper, found in sediment
cores, are closely associated with anthropogenic activities
(Bruland et al., 1974; Benninger, 1979). Nickel on the other
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hand has been attributed to particular industries, natural
weathering products and rainfall (Goldberg et al., 1976;
Bruland et al., 1974).

DESCRIPTION OF MAJOR ORGANIC COMPOUNDS

The APP core was analyzed for two organic pollutants in
this study: coprostanol (COP), and polycyclic aromatic
hydrocarbons (PAH). Coprostanol is crystallization product
of human feces alcohol extracts (Walker et al., 1982-91). It
has been used as a human activity indicator in various
studies of sediment and water column (Bartlett, 1987; Walker
et al., 1982; Hatcher et al., 1979; Readman et al., 1986).
The rate of decay of coprostanol is subject of disagreement
among investigators (King, pers. comm. 1989). Bartlett
(1987) concluded that 20 days after

discharge the COP

begins to decay in sea water. However, Bartlett, Walker et
al., Hatcher et al. and Readman all agree that COP formed in
sea water with rich organic matter settles to the bottom
before decaying completely. Hatcher et al., 1979-1227,
recommend using the coprostanol data as a percent of total
amount organic matter. They further conclude this percentage
would be valuable record for a period of 26 years.
Disagreements in using COP as an indicator of population
growth are many; however, the population data available for
the Apponaug Watershed can be used in conjunction with the
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COP data to prevent formation of misleading population
growth trends (J.King, pers. comm, 1989).
Polycyclic aromatic hydrocarbons, are closely
associated

with urban areas (Scott, unpublished thesis

1989; Oakland, 1983; Hoffman et al., 1985; Hurtt and Quinn,
1979; Neff, 1979). PAH in this project are studied as a
group. Some sources of PAH as identified by Neff (1979) and
other investigators are natural gas processing, pyrolysis of
kerosene to form benzene and other organic solvents,
pyrolysis of weed to form charcoal, wood tars and carbon
blacks, oil refinery, forest and gas fires and fuel and coal
combustion. Since there are no industrial source for PAH in
the Watershed or surrounding areas, it is concluded that
most of the PAHs present are of fossil fuel combustion
origin (Barrick and Prahl, 1987; Bohem and Farrington, 1984;
Shiaris and Jambard-Sweet, 1986; Bjoresth, 1979; Readman et
al., 1986; Neff, 1979; Thompson and Eglinton 1978). It is
also accepted that PAH decay during their residence in the
atmosphere. As a result concentrations found remain near
source of deposition (Shiaris and Jambard-Sweet, 1986;
Dragoescu and Friedlander, 1989-254).

- SOURCES OF POLLUTANTS IN ESTUARIES

Sources of metal deposition in estuaries as identified
by Forstner et al., 1978, are direct inputs by industrial
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and shipping activities, dumping, sewers, atmospheric fall
out, river and stream input, and material brought in from
the sea. The importance of these sources can be seen Table
12 (pg.71-72). The contribution of each source is quantified
for various geographical locations.
The only evidence of direct input in the Watershed is
the Apponaug Company. Situated on Apponaug Brook, just
before the brook enters the Cove, this textile manufacturing
company discharged its waste directly to a small pond area
which is connected to first the Inner and then Outer Cove.
The content of the discharge, although not recorded, is
estimated to be made of dyestuff used in the manufacturing
processes described in the previous section. An unknown
quantity of Cr, Cu, Zn, Pb and even some Ni are attributed
to this company's discharge. The Inner Cove sediments have
much higher levels of metals then the Outer Cove, where the
core was taken (Pratt and Seavey 1982).
There were two sewer outfall pipes in the Apponaug Cove
described by a 1911 Shellfish Commission report (Annual
Report of the Shellfish Commission to the General Assembly
1911). These are also held responsible for some of the Cu,
Zn, Cr and Pb content of the core. In the recent reports of
Rhode Island Department of Environmental Management on point
discharges into the Bay; there is a mention of storm
discharge pipes in the Apponaug Cove. These may be the same
pipes as the 1911 record.
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Atmospheric fall-out is more difficult to trace.
Numerous studies in various parts of the U.S., the Great
Lakes in particular, have resulted in soaring estimates.
Bricker-Urso and Nixon (paper in preparation 1989b)
attribute almost all (90%) of Pb deposit in their cores,
taken from salt marshes, in Narragansett Bay to atmospheric
origins.
River input to Apponaug Cove is also important because
of the potential carrying capacity of soil bound metal. The
river input to the Cove is limited to Harding Brook.
However, the input from this waterbody is significant in
that run off to this brook which passes through till and
glacial outwash carries clay and suspended particles aiding
the settling process of heavy metals in the estuarine
environment. Atmospheric fall-out of metals occurs over both
land and water. Lead, nickel and zinc concentrations in
soils decrease with distance from road sides, suggesting
their levels are related to vehicular traffic (Lagerwerff &
Specht, 1970; Hana & AI-Abassam, 1983; Kingston et al.,
1988). Lagerwerff and Specht (1970) in their study of
roadside soil and vegetation contamination found nickel
contained in automobile parts and nickeled gasoline,
possible sources for low level deposition of this particular
metal. In the same study zinc content of the SQils was
attributed to oils and additives such as antioxiden Zndithiophosphate in lubrication oil. Sediment loading of
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Harding Brook to Apponaug Cove consists of soils eroded on
its banks and run-off from roads. As a result an unknown
quantity of Pb, Zn, and even some Ni may be deposited in the
Cove through this particular mechanism. The other
significance of river input is the ability of the river to
mobilize the metals in the inner cove (shown in figure 2)
and transport them to the outer cove, where the core was
taken.
PAR, in aerosol form, are expected to be deposited near

discharge points, on roads and soils along road side and
then transported to Apponaug through run off processes
(Carpenter, 1984; Hites and LaFlamme, 1977).

C. APPONAUG COVE SEDIMENT CORE

As annotated previously, the APP core was analyzed by

J.Corbin and J.King for concentration of Cu, Cr, Zn, Ni and
Pb, which are presented in figures 5 and 6. Organic content
was analyzed for coprostanol (COP), polycyclic aromatic
hydrocarbons (PAR) presented in figure 7, benzotriazole and
chloro-benzotriazole by Dr.J.Quinn's group (1989).
The time chronology of the core was produced using lead
210. Dr. P. Appleby of University of Liverpool has dated the
Apponaug Cove sediment core in addition to several other
cores in the Narragansett Bay. He used both the Constant
Initial Concentration (CIC) and the Constant Rate of Supply
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Polycyclic Aromatic Hydrocarbon levels for Apponaug and Calf Pasture Point
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(CRS) models for estimation of age (Appleby et al., 1986 and
1983). Constant Rate of lead 210 supply assumes a constant
rate of 210Pb fall-out from atmosphere which results in
constant levels of lead supply independent of sedimentation
rates (Appleby and Oldfield, 1983). The CRS model did not
yield appropriate results for the Apponaug core due to
difficulty in estimating unsupported lead 210 activities in
the core (pers. comm. with J. King, letter dating March 17,
1989). Unsupported 210Pb refers to value resulting from
subtracting background natural decay 238U series from the
total concentration of 210Pb. The unsupported lead 210
activities are assumed to be atmospheric deposition with a
constant rate and level throughout (Bricker-Urso et al. 1989
pg.12). Constant initial concentration model assumes .... that
an increased flux of sedimentary particles from the water
column will remove proportionally increased amounts of 210
Ph from the water to the sediments." (Appleby and Oldfield,
1983-page 31). The

crc

calculations yielded in .59 em/year

sedimentation for the past 25 years.
Jeffrey Corbin used the 210Pb dating (Appleby et.al
1989) both the

crc

and CRS models and some other known

parameters, such as introduction of DOTs and other chemicals
to the environment. The introduction of the other known
parameters in addition to the estimated .59 em/year
sedimentation rate for the past 25 years was used to correct
the chronology table and calculate a more accurate
103

sedimentation rate of . 51cm/year, which is used to assign
approximate ages to the layers of the core (Jeffrey Corbin,
unpub. thesis, 1989). The 95 centimeters of sediment
contained in the core dates back to 1807. An error margin
within 5-10 years is anticipated for these dates from the
.51 ern/year sedimentation rate (J.King and J.Corbin, pers.
cornm. 1989). The time chronology used is formed through
assuming a constant sedimentation rate as the basis of
calculation. This is a bold assumption, but for lack of any
other options the calculation of sedimentation rates are
used in

~his

work with confidence of 5 to 10 years error

margin.
The APP core data are at all times plotted in
association with similar analysis of a core taken in Calf
Pasture Point, location of which is shown in Figure 8. The
Calf Pasture Point core (CPP core) is taken from an area
which is assumed to have been least effected by direct
anthropogenic activities (Jeffrey Corbin, unpub. thesis,
1989). The location of the core is on the southern section
of the Narragansett Bay, the CPP core was determined to be
the result of .23 ern/year sedimentation rate (Jeffrey
Corbin, unpub. thesis, 1989). Corbin has found metal
concentrations in the CPP core compared to the other cores
;n the lowest levels of
taken throughout t h e Bay to conta •
metal levels indicate conditions in
pollutants. The CPP core
.
d' t development. The CPP is use as a
the Bay away from ~rnme ~a e
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Narragansett
Bay

1 em : 240 m

Figure 8
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reference point which highlights the concentrations of
metals in the APP core that are unique to the Apponaug
Watershed.
Another way that the contribution of the Bay sediments
to the APP core could have been quantified was to use the
two chemicals produced by Ciba-Gigey in the northern Rhode
Island at the head of the Narragansett Bay. The Company was
the only producer of benzotriazole and chloro-benzotriazole

in Rhode Island. Using data from yet another sediment core
in the Greenwich Bay (EG), the levels of these chemicals
were compared and the results figure 9 and 10 give an
overview of this comparison. The chemicals, as mentioned
before, were only produced between the years of 1963 to
1972. The relatively high levels in the APP core compared to
the Greenwich Bay is somewhat surprising since transport was
from the Narragansett Bay to Greenwich Bay and then the
Apponaug Cove. The levels of benzotriazole and chlorobenzotriazole analyzed in the core did not provide
conclusive evidence on the extent of sediment transport into
the Cove as had been previously expected. It was decided at
this point that only the existence of these chemicals in the
APP will be emphasized to demonstrate the positive sediment
transport to the Cove from the Bay.
An issue of concern in studying the sediment core is
variations in natural levels of metal deposits. The
concentrations attributed to natural sources are apparent in
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Choro-Benzotriazole Levels for three Sites in the Narragansett Bay
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Benzotriazole Levels for Three Sediment Core Sites in the Narragansett Bay
0.6

....

.

........................' •••1 1 •••••••

0.5

.

cpp

.............

........, .
1
1"'1 " ' "

"II

'"

II
II

0.4

~

......
o

co

II

...

II
I.

IV

Apponaug Cove

",III'rj'

Calf Pasture Point

N

Greenwich Bay

I,

-- OJ

'"...

1lO

:3

APP

II
'I
II
II
II

-I

I,
'I
II

....

0.2

II

\

II

.....

_ ___ __
..

....•

_

_.•
1

1

..

1987
. 1970
.
. 1930
. I . I.
' 1900
Figure 10. Benzotriozole (CIO) levels for Apponaug Cove. Calf Pasture Pomt and GreenwIch Bay. 11us parUcular presentation of data indicated that
the levels of this chemical produced between 1962-1973 continues to have a strong presence in the Narraganseu Bay as seen through the CPP
core. It is not clear why levels of the chemical drop in the Apponaug site where as they remain high in Greenwich Bay (EG) which feeds into the
Apponaug Cove.

the depth of 60 cm from figure 5 (pg. 99), however, there
remains the question of variations in environment of the
natural Sources of metals during the increased anthropogenic
activities in the Watershed. In other words, there existed
an active deposition of all the metals in the Cove through
natural processes prior to human disturbance; a measure must
be used to account for variations in the environment of the
original natural sources after the beginning of intensive
anthropogenic activities in the Watershed.
The affect of anthropogenic activities on each of the
metals analyzed can also be studied by comparing the APP
metals' ratio to the CPP ratio. As mentioned before, metals
presented in each graph is always plotted for both sites.
figure 11, shows an overall ratio of each APP metal to the
corresponding CPP metal. The figure highlights the increased
anthropogenic activities post 1860s in the Apponaug
Watershed.
Normalizing data by comparing

observation to another

element with a large natural input is done extensively.
Often Al and Na are used (J.King pers. comm). The APP core
was not analyzed for these elements therefore this form of
normalizing is not feasible but is suggested for further
studies. Another means of normalizing the trace metal data
are to present the data as a r atio of organic carbon, which
of organic matter concentration in
"
is used as an ind ~cator
the sediment column (J.King and J. Corbin, pers. comm. 1989;
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The Ratio of Apponaug Cove Metals to Levels in Calf Pasture Point
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Hunt and Smith, 1983). As discussed previously, the
literature refers to associations between all the metals
tested for and organic matter content in the sediments. The
advantage of presenting the normalized data are that changes
in the level of organic material in the depositional
environment which might have affected the levels of metals
deposited is considered. Comparing several cores throughout
the Bay J.King and J.Corbin have concluded that organic
matter content of cores is not a significant factor in the
level of metal content in sediment cores. Further studies
are needed to verify the positive or the neutral relation of
these metals to organic matter (J.King and J.Corbin pers.
Corom 1989). For the purposes of this work, data are
presented in both carbon ratio and unique values.
The ratio representation of data, with the exception of
Ni, is not very different from the unique values of the
metals as can be seen in comparing figures 5, 6 (pg. 100 and
101) and 12. The two figures 6 and 12 show all metals,
figure 12 data are presented as a ratio of carbon plotted
against time. Ni is the only metal whose representation as a
ratio of organic carbon varies with its unique values, as
can be seen in the figures 28 and 29 (pg. 146-147).
The literature review indicated that COP, an organic
compound, is associated to organic matter in sediment cores.
In order to normalize for the affect of organic matter on
levels of COP, the data are plotted as a ratio of carbon.
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Metals As a Ratio of Carbon for the Apponaug Cove
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The plot shows no indication of COP level altering as a
ratio (figure 13). COP data were also plotted against
population to study the relationship of the two (figure 14).
The increase trends are similar between the population and
the COP data only to 1940s, after a drop the levels of COP
increased drastically all the way to the top of the core.
This increase may be due to the active bioturbation and
physical mixing occurring in the top 10 centimeters of the
core.
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Coprostanol Levels for the Apponaug Cove
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Comparison of Population Trends in the Apponaug Watershed and COP Levels of the Core
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-DESCRIPTION OF EACH METAL

CHROMIUM
Chromium is a pollutant closely associated with textile
manufacturing. This association is established through
linking fluctuations in its levels to various events in the
textile manufacturing activities. The uniqueness of the Cr
source in the Apponaug Watershed is also indicated by the
high ratio difference between concentration levels in the
APP and the CPP site (figure 11 pg. 110).
Figure 15, represents a comparison of unique values of
Cr for the CPP and APP cores. The shape of the chromium
level curve as shown in unique value and organic matter
ratio (figure 16) are not different from

ea~h

other. The

lack of any difference between the two representations of Cr
levels may be attributed to the extra-ordinary high
concentration of Cr released to Apponaug Cove after 1860s,
levels so high that the organic matter levels did not alter
the settling patterns of this metal. The only difference
between the two is in the fluctuating levels of Cr ratio of
organic matter between the period of 1800 to 1860 as shown
in figure 16. The fluctuations can be explained by referring
back to type of dying activities prior to the formation of
the Apponaug Company. Prior to major commerce taking place
in the U.S. the mills were controlled primarily by local
demand. In the case of small mills, operations served
communities which meant demands varied; the result of which
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Figure 15. Chromium concenlration level for Apponaug Cove and Calf Pasture Point. The difference between the two sites indicates the uniqueness of
Chromium source in the Apponaug Watershed.

Chromium Levels as a Ratio of Carbon
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Figure 16. Chromiwn levels as a ratio of carbon for both Apponaug Cove and Calf Pasture Poinl The only difference between unique value levels and
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may be the fluctuations in concentration levels of metals.
Up to the 1880s, the levels of Cr in CPP are higher than APP
core. Again, the reason for the higher Levels in the Bay was
the pattern of industrial development in Rhode Island.
The APP values over took the CPP levels in the 1890s,
correlating with increased textile manufacturing activities
in the Apponaug Watershed. At this time, major changes were
taking place in the size and organization of the textile
business. Small mills were being merged to form the Apponaug
Company. The 'azo' era had also began at least in Europe
which increased the use of chromium (See table 5 on pages
35-36).
There is a peculiar point in the APP curve in 1900,
when a sharp drop is seen. J.King and J.Corbin believe this
is a real data point even if it is so different from the
trends of APP and the other cores. This datum point also
occurs in figure 16 which is a representation of organic
matter ratio. There is no cultural explanation, thus the
reason remains unknown.
The effect of the Depression of the 1930s on the
production of textiles can clearly be seen through the drop
in levels of Cr at about the beginnings of depression time
in latter parts of 1920. The nature of textile business in
the sense of production taking place on credit and
possibility of sale after production creates an interesting
cause and effect relation between economic hardship times
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and textile prosperity. If a prosperous year was anticipated
the firms would produce with borrowed money, therefore, at
time of market failure they had already produced goods.
Thus, there is little in the way of reducing production to
accommodate anticipated bad times.
As expected, the concentration of Cr drop drastically

starting in 1940s when the firm began to slow down its
growth and after 1950s when the factory closed. This further
implicates the Apponaug Company as the major source for
Chromium.
Some other sources of this trace metal are recorded in
Tables 12 (pg. 71-72) and 15. In the Apponaug Watershed the
textile related sources of chromium seem to be strongest of
other possible sources.
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Table 15. Various sources of Chromium in New York Bight.

SOURCE

CONTRIBUTION

Dumping
and dredge
sludge

50 percent of total Cr in New York sewage

Atmospheric

1 percent of total Cr in New York

Pipeline discharge
industry and
municipal

23 percent of total Cr in New York

Runoff

26 percent of total Cr in New York
Bight

Source: Office of Technology Assessment, 1987 pg. 65.
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COPPER

Copper was also used in textile factories for both
green and blue color dyes and also as a mordant for other
dyes. Levels of copper generally follow chromium increase
from 1860 up to the closing of the Apponaug Company in
1950s, as shown in the figure 17. It is not known how much
of which solution, dye or mordant, was used in the Apponaug
Company.
Data are presented in unique values (figure 18) and as
ratio of organic (figure 19) in the figure; both
representations show the steady increase in concentration
levels in the period of 1800 to 1900.
Copper is repeatedly associated with anthropogenic
activities, as can be seen in Tables 12 (pg. 71-72) and 16
(Bruland et al. 1974; Goldberg et al., 1976-77; Frostner et
al., 1978; Duinker, 1983; Klinkhammer, 1983). In the figure
20, copper is compared to the coal consumption of Rhode
Island, as a subset of total

u.s.

consumption. The trends

from 1890 up to 1920s are similar, an indication of the
relation of Cu in the core to the changing"fuel patterns in
the State.
In figure 20, Cu concentration in Apponaug Cove is
compared to levels of the metal in Calf Pasture Point. The
figures indicate that Cu levels began to increase in the CPP
site (1800s) prior to the Apponaug Site (1860). The high
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Copper with Relation to Increased Industrial DeveloPl11ent as seen through Chromium Levels
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Copper Levels as a Ratio of Carbon
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Table 16. Various sources of Copper in New York Bight.
SOURCE

CONTRIBUTION

Dumping

51 percent of total Cu deposit

Atmospheric
Discharge, industrial
and municipal treatment
facilities
Runoff

3 percent of total eu deposit

20 percent of total Cu deposit
26 percent of total Cu deposit

Source: Office of Technology Assessment, 1987 pg.65
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A Comparison of Coal Consumption in Rhode Island to Selected Metal Levels in the Apponaug Core
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Figure 20. The comparison of conswnption and metal levels does not reveal slrong relationships. This may be due to the crude origin of the coal
data. The data on coal conswnption is obtained from general U.S. consumption statistics manipulated through the use of population data
to obtain Rhode Island consumption rales. The coal level is in thousands of shOrllOnS per day.

concentration levels at pre-l860 period in the CPP core is
an indication of pattern of Industrial Revolution progress.
Major technological improvements in manufacturing began in
the large cities and then trickled down, from the upper
Bay's densely populated centers, to the lower bay ruraltownships.
It is possible that relatively high levels of copper
would remain, even when major textile activities, coal
burning and smelting operations are closed because of new
sources. Marina operations, began in the Apponaug Cove in
1950s, particularly near the location that the core was
taken. Copper based paints are used extensively for bottom
of boats. These paints reduce the levels of biological
damage to bodies of boats. The increasing number of boats in
the Apponaug Cove may have resulted in the continuation of
Cu levels higher than background (prior to 1860) levels.
Copper pipes replaced lead pipes for drinking water purposes
by 1945, this might be another small source of copper in the
Apponaug Cove. Another source is the highly polluted
sediments of the Inner Cove.
Copper concentrations are most similar to lead compared
to the other trace metals in the APP core. The ratio of APP
to CPP for both of the metals is similar in curve behavior
(figure 11 pg. 110). The single source which closely
associated CU and Pb, found in Table 12 (pg. 71-72), is f1yash.
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LEAD

Lead, closely, follows the pattern of chromium
concentration in the APP core, this relationship can be seen
in 5, 6 (pg.100, 101) and 12 (pg.113) figures. The
beginnings of Pb increase in the 1860s mimics the Cr levels,
indicating the industrial development of the Apponaug
Watershed. The sudden drop of Cr in 1900 is also seen in the
Pb level, however not as drastic. This is further indication
of a cultural or natural phenomena which may have occurred
at the two decades between 1890 to 1910.
Levels of lead do not drop as much as Cr post-1957.
This is another indication of the variety in sources of lead
(figure 21). As is the case with Cu, even though change in
one source decreased levels, they did not drop as low as Cr,
whose primary source was the textile firm.
Lead input is higher than copper mainly due to variety
in the sources of this trace metal. Comparing unique values
to values of lead as a ratio of organic matter there are
some differences. The peak in 1890 seen in figure 22 is not
found in the figure 23 which is the representation of the
unique values. Also, the major drop in 1900 in the ratio of
organic matter figure is clearly not seen in the unique
value figure 21.
Some of the sources of lead in the environment are
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Comparison of Lead and Chromium Levels post and pre-industrial time for the Apponaug Cove
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recorded in Tables 12 (pg. 71-72), 17 and 18. Urban run-off
and atmospheric input especially between the 1920s and
1970s, are the most important sources of lead deposition in
the environment. Run-off may be one of the major reasons why
the ratio of lead levels_have continued to be higher in APP
then in CPP site (figure 11 pg. 110), independent of any
industrial activities.
The increase of lead between the years of 1930 to 1960
can confidently be attributed to the introduction of leaded
gasoline 1927. Consumption of leaded gasoline in Rhode
Island is plotted against the lead levels of the APP core in
figure 24. The lead levels in APP follow the general trends
of gasoline usage in the State of Rhode Island. Unleaded
gasoline became required after 1975 and that is assumed to
be responsible for the slight decrease of lead in the top 5
centimeter of the core. It must be noted that the drop in
levels had began in the 1960s. Toxicity of lead was known
earlier than most other trace metals. As a result, there
were extensive legislative activities to reduce the input of
this metal to the environment as early as 1938. Table 19, is
a reproduction of legislative chronology, affecting lead
input to the environment, produced by Bricker-Urso and Nixon
(1989a). In fact none of the dates of legislation correspond
directly to reduction of lead in the core.
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Table 17. Contribution of lead from various sources to New
York Bight.

SOURCE

CONTRIBUTION

Dumping of sewage and
dredged sludge

43 percent of total lead

Atmospheric input
Discharge by industrial
and municipal
Runoff

9 percent of total lead
22 percent of total lead
25 percent of total lead

Source: Office of Technology Assessment, 1987 pg.65.
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Table

18.
Sources/Importance of Lead
Narragansett Bay for early 1980s.

SOURCES

sources

CONTRIBUTION IN METRIC TONS

Total atmospheric

5.5

Sewage

10.2

Combined Sewer Overflow

4.3

Total river input

5.7

Runoff

56.5

Industrial

6.9

Waste Oil

0.1

TOTAL

89.2 METRIC TONS

Source: Bricker-Urso and Nixon (1989b)
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Table 19. Lead legislation to limit exposure, as recorded in
Bricker-Urso and Nixon (1989a).
YEAR LEGISLATION
1938 Amendment to 1906 Food and Drug Act to control hazardous
substances including lead from food cans
1954 Pesticide Residue Amendment to Food and Drug Act of
1906 to control spraying of lead arsenate
1955 Air Pollution Control Act designed to limit atmospheric
emissions considered harmful to health
1958 Food Additives Amendment to Food and Drug Act of 1906
1963 Clean Air Act expanded existing programs for emissions
limitation set by Air Pollution Control Act of 1955
1965 Clean Air Act limited emissions from new motor vehicles
1967 Air Quality Act set up systematic effort to control
atmospheric emissions on a regional basis
1970 Clean Air Act to reduce and regulate human exposure to
airborne lead
1971 Lead Based Paint Poisoning Prevention Act
1974 Unleaded Gasoline Amendment to Clean Air Act
Safe Drinking Water Act to control quality of drinking
water in public water systems
1977 Clean Water Act to limit lead discharge in wastewater
1978 Amendment to Occupational Safety and Health Act of
1970 lowered permissible occupational exposure to lead
from 200 to 50 ug/m3 averaged over an 8 hour period and
lowered permissible exposure limit from 50-30 ug/m3
Hazardous Waste Management Act
Amendment to Food and Drug Act of 1906 to regulate lead
acetate in cosmetics
Limitation of lead on decorated glassware
1979 Amendment to Clean Air Act to control emissions from
lead-acid battery manufactures
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Comparison of Lead Levels in the Apponaug Core to Leaded Gasoline Used in the Watershed
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ZIRe
Zinc is another trace metal which closely follows Cr
concentration trends. Most of the peaks and depressions in
Cr are seen in the Zn behavior in figure 25, curve.
Comparing ratios of APP and CPP sites (figure 11,
pg.110) it is clear that the ratios of Cr and Pb are higher
than the zinc ratio level. This may indicate that the
sources of Zn are not unique in the Apponaug Watershed.
There is a strong correlation between Cr and Zn (figures 5,
6 and 12 pages 100, 101 and 112 respectively) but this may
not be the direct result of the Apponaug Company but other
activities which fringe upon the textile industry. For
example, as presented in Table 12 (pg. 71-72), the highest
metal byproduct of coal combustion is zinc. In this case
although the increases in the textile activities, as seen
through Cr levels, are mimicked by the Zn levels but this
may have been due to increased energy needed therefore, the
Zn source is not very unique to Apponaug Watershed.
Zinc levels, similar to all the other metals, reflect
the effects of Industrial Revolution in Apponaug both as
unique value (figure 26) and the ratios of organic matter
(figure 27). Comparing the two figures, the only major
differences are seen prior to the 1860s. The few points of
difference after the beginning of this time are the drop of
Zn/C level in 1900 which is seen as a peak in the figure 26
and also the peak in 1950s seen in figure 27, which is shown
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Comparison of Zinc and Chromium post and pre-industriaileveis for Apponaug Cove
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as a decline in levels of unique values in unique value
figure.
The drastic decrease of Cr in the APP core in 1900 is
not evident for Zn. This indicates the responsiveness of Zn
to textile manufacturing activities. Again Zn is higher in
CPP than APP up to 1890 and then again 1900. It can be
speculated that the Bay levels of Zn, as reflected in the
CPP core is unaffected by activities in the Watershed of
Apponaug Cove. The increases in APP are correspond with
decreases in CPP and vis-a-versa. This occurrence is most
noticeable from the 1900s to present time.
Zn is closely associated with anthropogenic activities,
as seen in Tables 12 (pg. 71-72) and 20, which may have
contributed to the Apponaug Cove sediment column. Coal
combustion is a major source of zinc. In the figure 20 (pg.
127), the similarity in consumption of coal in Rhode Island
and zinc levels is strongest in 1910 through 1950 period.
Zinc is also used as a protective coating on metals to
prevent corrosion. This usage is thought to lead to Zn in
wastewater due to corrosion of galvanized pipes used in
domestic water conveyance (Wilbur and Hunter, 1974). A
source of direct zinc input to seawater are anodes placed on
boats in order to prevent electrolysis. This source would be
most important after the 1950s when the marinas began
operation on the Cove. For small 20 foot boat plates of up
to 400 grams are placed on the body of boat each year (J.
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Table

20.

Sources

SOURCE

Gauged

of

Zinc

input

River

2530

Channels

Groundwater
Atmosphere

Runoff

Ind ustrial
Manucipal
Solid

the

CONTRIBUTION

environment.

LOCATION

SOURCE

tons/year
tons/year

New York Bight
N. Chesapeak Bay

1
1

2650
tons/year
70 tons/year

New York Bight
N. Chesapeak Bay 1

1

1 ton/year
1 ton/year

New York Bight
N. Chesapeak Bay

1

2170 tons/year
230 tons/year
18% of zinc
discharged
to
New York Bight

New York Bight
N. Chesapeak Bay
New York Bight

1
1

1000
Storm

to

43% of zinc
New York Bight
discharged to
New York Bight
and
10% of zinc
Discharge discharged
to
New York Bight

Loading

rates

New York Bight

2

4

ug/day

Northeastern

Sediment and
Suspended
matter

206

ug/gm

Southern Lake
Michigan

Dumping-

29% of zinc
New York Bight

-----_._--

2

2

480

---.-_

1

U.S.
5

New York Bight

2

----------.--_ .. - .. -_.---.----_.

Source of Data:
1. Young, D.R. et at, 1980 pg.299
2. Office of Technological Assessment
3. Purves,D. ed., 1985 pg. 56
4. Environmental Protection Agency, 600/2-76-151,
5. Leland, H.V. et at, 1973 pg. 98

143

1976,

pg.

188.

Boyed, pers. corom 1990). Another major source of zinc after
the 1950s is assumed to be of non-point source origin
(runoff from roads and parking lots).
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RICKEL

Although nickel was also used in textile dyes it is not
thought to be a major ingredient of textile manufacturing
for the Apponaug Company. The levels of Ni in neither the
unique values nor the ratio of carbon value increase in the
1860s. The ratio of APP site to CPP (figure 11, pg. 110)
site is lowest of all metals. This relationship can also be
seen in the figures 28 and 29.
The behavior of Ni when comparing unique value levels
to values as ratio of organic matter are quite surprising.
As a representation of unique value (figure 28) the analyzed
data show in increase of Ni in the top 20 centimeters of the
core, very much opposite the trends of the other metals in
the core. This is completely different from the organic
matter ratio representation of Ni in figure 28. The figure
28, shows un-orderly variations in the Ni levels independent
of any anthropogenic activity. It must be noted that nickel
is the only trace metal under study in this paper which is
believed to be affected by diagenic processes. The

post-

deposition migration of Ni has been discussed in several
papers (Snodgrass, 1978; Morel et al., 1975; and Corbin,
pers. corom. 1989). The Ni behavior in the APP and the CPP
may be a reflection of such processes taking place.
Nickel concentration levels in APP could have a natural
145

Concentration Levels for Nickel
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Figure 28. Nickel concentration levels for Apponaug Cove and Calf Pasture Poinl The pattern of nickel does not follow any of the other metals.
The variation in nickel levels may be attributed to digenic behavior of nickel in sediment cores.

Concentration Levels of Nickel as a Ratio of Carbon
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source which many times has been the case (Goldberg et. aI,
1977). Table 12 (pg. 71-72) and 21 lists some of the
possible anthropogenic sources of Nickel. J.King and J.
Corbin, in an effort to establish a trend in the
concentration of this particular metal in the Bay have found
that the behavior of Ni is unlike any of the other trace
metals studied. All other metals have a north to south
decrease trend in the Bay, where as Ni has low levels at
north of the Bay it peaks in the middle of the Bay and than
decreased again in the southern portions of the Narragansett
Bay (Corbin, pers. corom. July 20, 1989).
This suggests sources of Ni may be outside of the cove
and that Ni is result of positive transport to Apponaug.
Overall, nickel levels are not a reflection of Apponaug Cove
Watershed activities.
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Table 21. Survey of various nickel sources.

SOURCE

CONTRIBUTION

Fuel oil (Schmidt and Andren
1980-101 in Ni in Env.)

.03kg/ton burned

Coal burning (Schmidt et. al
1980-101in Ni in Env.)

.0002kg/ton burned

River, particulate load
1980-20 in Ni in Env.)

1.1x10topower10
Nirague
annual flux in grams

Waste Disposal, sewage
(Nirague 1980-20 in Ni in Env.)

.38x10to10
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D. CULTURAL ASSOCIATIONS WITH METAL CONTENT OF THE CORE

- EARLY DEVELOPMENT UP TO CIVIL WAR ERA

The pre-civil war era was a period of initial European
settlement. The landscape in the Watershed changed from
forested land to cropland. Concentrations of all metals
during this period were similar and exhibit low levels and
slight changes until the 1850s. It was at this time when the
Industrial Revolution touched upon Apponaug through the
establishment of Oriental Print Works, a textile
manufacturing factory, by combining three small fulling
mills.
The most striking point of the era prior to 1860 is the
difference between the APP and the CPP cores. For all the
metals analyzed concentration levels are higher in the CPP
site. This indicates the slow pace of industrial development

in the Apponaug Watershed. All metals with the exception of
Ni began to increase in levels after 1860 for the APP site
but it was not for another twenty years that the APP site
levels became higher than CPP sections.
Fluctuations in metal levels prior 1860s did exist.
Increases are mainly attributed to changes in land-use and
the construction and operation of railroads. The most
significant increase in concentration levels, as mentioned,
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took place in 1860. This time coincides with the beginning
of more intensive industrial activities in the Watershed,
through the formation of Oriental Print Works in 1859. A
population increase of almost 35% at this period is also
reflected in the increases of PAR and COP levels. The
increase in levels of PAR for Apponaug is similar to the
findings of Hites et al., 1977, who detected similar
increase for PAR in Buzzard Bay sediments from 1850 to the
1970s.
The very first study of textile manufacturing pollution
in the State took place in 1861. This indicates knowledge of
pollutants discharged but disregarded their effects due to
dilution affect of sea water. Obviously the dilution did not
take the metals out of the Cove, they settled to the bottom
of the Cove.

-THE BEGINNING OF INTENSIVE INDUSTRIAL ACTIVITIES, IN
APPONAUG WATERSHED (1860-1900)

The Industrial Revolution was in full force at this
period. This is very well reflected in drastic increases of
all the trace metals (exception of Ni).
Dyeing and printing became important activities in the
Watershed. The increase in factory size and possible use of
steam engine which would increase production therefore
increase use of dyes by the newly formed Oriental Print
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Works may explain the major increase in Cr levels related to
textile manufacturing.
The depression of 1877 does not seem to have affected
the metal levels nor the PAR and COP levels. However, the
beginning of aniline dye production in the U.S. around 1879
is clearly recorded in the levels of Cr and all the other
metals. There really is no way of making certain when the
Apponaug Company began using aniline color. It is clear
however that the production of aniline colors directly or
indirectly marked a new era in textile manufacturing as seen
through increase Cr levels.
Availability of extra running water for the residents
of Apponaug and Crompton (parts of which are within the
Watershed) in 1890 may have also contributed to increased
metals caused by an increase in the discharge of waste in
the Watershed.
During this time, the interaction of the environment
and human economic well being became a concern. The
Shellfish Commission was faced with oyster bed pollution
issues in Rhode Island. At the federal level, the first act
clearly dealing with pollutants in the marine environment
passed in 1899, Table 13 (pg. 83-84), State government
legislative activities, pertaining to the environment, are
recorded in Table 14 (pg. 85-86). The effect of the River
. .
I , since it
and Harbor Act on Apponaug environment was mlnlma
mainly dealt with obstruction of navigational lanes.
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- TWENTIETH CENTURY TO PRESENT TIME (1900-1987)

The initial 20 years of the 20th century continued the
prosperous economic conditions of the industrial revolution
despite the first World War.
The decrease in the chromium in 1900 is followed by a
sharp increase in 1910. It was in the 1910-1920 decade that
Apponaug Company took over the Oriental Print Works. The
sharp increase in metal levels can comfortably be attributed
to prosperous years in production of textiles reflected by
the formation of Apponaug Company. This prosperity is also
reflected in the abundance of the other metals. Since data
are not available for the amount of each dye type used, it
is difficult to attribute Pb, Cu and Zn increases to textile
processing. However, the 'azo' era discoveries had
introduced variety in colors, resulting in increased use of
minerals for dyes, and opportunities to increase production
levels.
In order to better associate the textile activities as
indicated by Cr concentrations, the other metals Zn, Cu, and
Pb were plotted against Cr. The figures 17 (pg.123), 21 (pg.
130) and 25 (pg. 139) are plots of ratio of Cr post 1860 to
an average of Cr levels prior to the 1860 against each
metals ratio post 1860 to pre-1860 average. Through the
ratio of natural (pre-1860) against anthropogenic sources
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and comparing that to Cr, associations can be made more
strongly. The chromium and zinc post to pre-industrial
ratios (figure 25) indicates close association up to 1950s.
This association as alluded earlier may be due to dyes and
also activities fringing on textile manufacturing, such as
coal or oil used for fuel. The other two figures, however,
do not show as close an association. Lead is almost
independent of Cr and the Cu level even though mimicking Cr
up to 1950s becomes independent of textiles indicating a new
source. A new source, as mentioned before, is the operation
of the new marinas at this period where Cu based bottom
paint is commonly used for boat maintenance (director of
Apponaug Marina, pers. comm).
In the 1920s, the contribution of metals from textile
manufacturing was complimented by inputs of metals from
increased automobile traffic in the Watershed, especially
with the introduction of leaded gasoline in 1927. The drop
in the concentration of most of the metals in 1920, in spite
of all the development, may be the reflection of the Great
Depression in the U.S.
The first act dealing with pollution passed the Rhode
Island General Assembly in 1920. The Act to Prohibit and
Regulate the pollution of the waters of the State was a
significant step in recognizing the importance and
vulnerability of the natural resources of the State.
However, the act does not appear to have had any affect on
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the Apponaug Watershed.
Major expansion of the Apponaug Company factory space
took place in the later part of 1920s, two large buildings
were added to the complex. The increase in production
resulting from this expansion can be the reason why the time
period of the depression is reflected as increases in the Cr
levels and not a decrease like the rest of the metals. The
unique behavior of Cr at this time period is another proof
of the degree of variation in the sources of the other heavy
metals and the Cr.
Although Cr certainly recovered from the drop during
the depression, Zn, Cu and Pb recovered in a different
pattern. Cu recovered early. Lead and zinc recovered in a
pattern independent of textile manufacturing as indicated by
Cr and Cu. Zinc level reached a high before the drop, at the
time of closing of the Apponaug Company. Lead on the other
hand reaches highest level after closing of Apponaug
Company. The factory was taken over by Standard Die Company
in 1964, this company is a distributors of die sets and is
not expected to produce any discharge.
A steady decrease in lead due to unleaded gasoline
usage is not very evident. The figure 24 (pg. 137), is a
comparison of lead in APP core to the consumption of leaded
gasoline in Rhode Island, again clearly there is a
relationship between the two but the drop seen in the Rhode
Island consumption is not very evident in the lead levels of

155

APP core. The decline follows the pattern set in 1960s,
which was independent of the 1972, 1977 laws dealing with
lead control. However, the reason may be the continual
existence of old cars still using leaded gasoline. In 1983
in Rhode Island only 63% of the cars were 1975 or newer
(Hoffman et al., 1985). The area of Apponaug immediately
next to the Cove is not a prosperous area. While this is not
a quantifyable point, the lack of prosperity may explain the
delay in bringing in new cars with unleaded gasoline
provisions.
There are several puzzling data points in this period.
Levels of PAH increased drastically in the 1960s then
dropped, where as COP decreased drastically in 1940s
increased drastically in 60s and has continued this pattern.
Although the COP level match population increase during the
Industrial Revolution this is not always found to be the
case. Figure 13 and 14 (pg. 114, 115), show the relationship
of COP as compared with population and COP as a ratio of
carbon, respectively. Figure 14, is disturbing in that
levels of COP although increasing through time up to 1940s
which was expected, their levels become independent of
population figures after this time. The increase in COP may
be reasonable since the Watershed area and especially
Apponaug were not sewered until 1986, however the decrease
in 1940 is unexplainable.
The core clearly shows the demise of the textile
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industry in the period following the 1930s. After a time of
growth up to the 1950s, Cu and Pb metals stabilized to a
level maintained up to present day. Zn and Cr, however,
dropped and have continued to do so to present day. Zinc
again to a lesser extent than chromium. The closing of the
textile firm in the Watershed in 1957 is well reflected in
the chromium levels.
The concern about polluted waters in 1947, as indicated

in previous cultural data section, is seen in the sediment
core. All reach a maximum about this time. The correlation
between the newspaper article in the Providence Journal at
this time with the core is most encouraging in that the
apparent water quality is recorded correctly in the
sediments.
The trace metals did not decrease in concentration
levels as expected after the closing of Apponaug Company.
Even Cr levels that are so strongly bonded to the textile
industry did not drop as expected. The only other point
source polluter is the Apponaug Marina, which has been held
responsible for the high coliform counts of the Cove and
through vessel maintenance and repair may also contribute
some metals for settling in the Cove sediments. However,
non-point source pollution which as discussed in its own
section has not been successfully quantified for Apponaug
Watershed may be the reason for maintaining high metal
levels in the Cove after Apponaug Company was shut down.
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The APP core analysis has provided a unique data set in
that although all the metals more or less follow an increase
path which is attributed to the point source polluter, the
Apponaug Company, there is strong evidence that non-point
source pollution has become a strong contributor to metal
loading to the Cove.
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CONCLUSION

This project began with two research questions in mind.
The first of these asked whether the stratigraphy of metal
and organic pollutants in a sediment core from Apponaug Cove
can be correlated with the industrial and population changes
in the Apponaug Cove Watershed. The second question
addressed, the effect of government regulations if any on
the pollution of the Cove as reflected in the content of the
core.
Two hundred years of historical data were divided in
three major sections. The first period included the years
prior to the Civil War, the second period ran from after the
Civil War to the end of the nineteenth century and the third
period covered the twentieth century. Establishing a three
period framework for discussion was aimed at making it .
easier to describe fluctuations over the 200 years of data
provided by the Apponaug Cove sediment core. The general
trends _of the U.S. and Rhode Island textile economy,
population trends and industrial activity were successfully
correlated. However, detailed correlations of variations
superimposed on these general trends were more difficult.

-SUCCESSFUL CORRELATIONS

Throughout the text various correlations were made
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between the cultural trends and the sediment core. In
concluding an answer to the first research question, it is
useful to recall that deposition of metal and organic traces
in the Apponaug Cove correlated over time with greater human
activity in the

Watershed. Correlations occur as follows:

a) The beginning of Industrial Revolution in the
Apponaug region, 1850-1860, as seen through the
formation of the Oriental Print Works, is well
reflected by the increase in the metal levels in the
Core.
b)The increase in textile dyeing and printing as seen
by the beginning of aniline dye production in the U.S,
1879-1880, is also reflected as an increase in the Core
metal content.
c) The healthy condition of textile manufacturing the
'azo' era, between 1890 to 1920, is also reflected in
the core.
d)The great depression of 1929 to the early part of the
1930s is seen in the drop of all metals in the core for
the sediment segment dated 1920.
e)The economic benefits of World War II in the latter
part of the 1940s also correlates well with the metal
content. This correlation is reinforced by the
complaints, reported in the providence Journal in 1947
that pollution in the Cove at some of the highest
levels ever seen.
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f)The beginning of Marina operation (the 1950s) in the
Cove are strongly associated to the sustained levels of
copper post 1950s.
g)The best correlation is seen at the closing of the
Apponaug Company in 1957. The closing clearly ends the
heavy industrial input of pollutants into the Apponaug
Cove and corresponds to a major drop in the levels of
all metals.
h)The significance of non-point source pollution is
reflected in the remaining high levels of metals even
after the closing of the Apponaug Company.

-PROBLEMS ENCOUNTERED

--LACK OF PRODUCTION DATA
A major problem encountered has been lack of production
records for the single most important polluting factory in
the watershed. Although fluctuations in chromium levels are
directly attributed to changes in production levels, it was
not possible to obtain information on the extent of Cu, Zn,
Pb and Ni used in various dye forms. These metals had
several possible sources in addition to textiles. As a
result, without information on the intensity of their use in
the textile production process, there was no way to find or
rule out correlations with any single source of trace metal
deposition.
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--WATERSHED SIZE

Because of the small size of the Watershed, it was
expected that points in the sediment core analysis would be
strongly correlated with a significant activity in the
Watershed. Instead, APP core analysis reflects not specific
events but the general pattern of development in the
watershed over the past 200 years. Thus, Cr, Zn, pb and CU
showed an increase of concentration in sediments of the Cove
during the industrial revolution. Their rate of deposition
then decreased as the single manufacturing company closed.
Stronger associations would be possible if there was
more information about the sediment transport in and out of
the Apponaug Cove. It is evident, from the Ciba-Gigey
company chemicals, that there has been significant positive
transport into the Cove but the available data present a
confusing picture. The most one can say is that it is not
safe to assume that all, or even most, of the pollutants
found in the Cove had their origin in the Apponaug
Watershed.
The Watershed is a small portion of two towns, both of
which were large textile centers. The major textile
manufacturing activities in these towns were outside of the
small Apponaug Watershed. This made it difficult to tie
local textile manufacturing, town development, and Watershed
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pollution together in a statistically meaningful way.

--NON POINT SOURCE QUANTIFICATION

Road runoff models used were helpful in that they
showed the increases in metal deposition due to runoff in
the past 50 years. As discussed in the non-point source
pollution section, the size of the Watershed made it
difficult to use some models. These models are based on
assumptions that are too risky to apply to a locality as
small as the research area of this study.
The ideal model for purposes of this study would be
population density dependent. A model of this type would
result in various land-use /land-cover types as indicated by
the changing population density. The resultant land uses
could then be verified with present day usage. The degree of
inaccuracy could be used as a factor applied to past
estimates of land related activities. In this manner human
behavior could be projected back into the history of first
settlements with some degree of accuracy.
In the present case, existing models can be used to
complement data on the amounts of metals from point sources.
The models, in conjunction with such data, help to explain
the sediment core content by indicating increases in metal
contents of runoff over time.
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--LACK OF DATA ON REGULATIONS
As noted earlier,

the second part of this study sought

to learn from the core sediment record what effect, if any,
government regulations had on pollution levels in the Cove.
Unfortunately it was not possible to connect government
regulations to metal deposition as had been hoped. This lack
of connection is not due to the ineffectiveness of the
sediment core in monitoring regulations and policies. It
stems, rather, from the inability to create a chronology of
policy and regulations dealing with trace metal pollution.
The difficulties with the chronology have been two-fold.
First of all, trace metals have only been monitored and have
become important water quality issues in the recent decades.
Even now that toxic metal levels are established for various
fish species, no regulation system exists that deals
directly with trace metal levels in sediment. Coliform
levels and BOD are still the major monitoring tools used to
regulate water quality by various agencies. As a result it
has proven to be most difficult to obtain any chronology of
policy or regulations which would have been set in time to
see changes in the core content.
The other problem with this section was that while laws
are well recorded and available, Rhode Island state agencies
did not keep records of changes in regulations. If
recommendations were made and problems were conceived,
systematic records of such matters do not appear to be a
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matter of historical record. This becomes a problem because
one law might result in a number of regulations, each
elaborated and revised over an extended period of time. Yet
another problem is the frequent divergence of the language
and direction of regulations from the law that gave birth to
them. One must trace changes in regulations, to observe
impacts on the environment.
The Department of Environmental Management, an agency
with a focus on environmental quality and the successor of
the Natural Resources Department, was only formed in 1969.
Since its formation, the agency has changed both its address
and its direction several times, from natural resource
development to natural resource protection. The consequent
disruption to the agency has also resulted in a loss of
records and a lack of historic information on regulatory
attempts.

-FUTURE PROJECTS
It would be most beneficial to replicate this project
in another coastal inlet. The replication might take one of
two forms: the first form would repeat the core taking
experiment in an area where textile firms have been known to
exist and compare the results with results from the Apponaug
Cove Watershed study. The behavior of Cr should be similar
in any other coastal inlet where textile manufacturing
discharging occurs. Through the replication, the
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relationship of the other metals to the textile production
processes may be strengthened.
The second manner of replication would require indepth initial study of watersheds before taking a sediment
core. In this type of approach, issues such as production
records, extent of non-point sources and pollution loading
would be studied. Researching the watershed prior to the
study will allow the researcher to target regulations or
policies that may have had some affect on the metal content
of the sediment core. Doing so would identify the types of
metals which need to be monitored and normalization factors
needed to reduce the possibilities of skewed data. In order
to account for variations in natural environment of the
watershed normalizing factors are essential. Aluminum,
sodium, iron, and organic carbon (used in this study) are
elements which have been used by researchers to prevent
skewed results due to variations in atmospheric fallout and
source rock behavior.

The combined efforts among scientists of various
. t h e s t ages of this
proJ·ect has been most
disciplines ~n
~
th e Watershed of Apponaug Cove.
·
helpful in understand ~ng
ted process especially when it
a comp l·c
~ a
Economic concerns, social
.
involves environmenta 1 ~ssues.

Policy

..

mak~ng ~s

perception of resources, future vision for the natural
166

resources, and ecological concerns all need to be considered
to make sane decisions in natural resource management. For
this to occur, academia has already spearheaded, and should
continue to lead, mUlti-disciplinary environmental research
projects

50

that the mechanics of cooperation among

scientists of different backgrounds is perfected. The result
of this can only be more capable people aware of
complexities in studying and managing the natural resources
in the policy making world.

167

APPENDIX A

Calculations for Population tables
Population of Warwick prior to 1913
Population of Warwick after 1913
Population of West Warwick

= a
= b
= c

Area
Area
Area
Area
Area
Area

=
=
=

of
of
of
of
of
of

Warwick prior to 1913
Warwick after 1913
West Warwick
the Watershed
Watershed in Warwick
Watershed in West Warwick

A
B

C
D

d

e

WATERSHED DENSITY
a I A
biB

* D = Population of Watershed prior to 1913
* d ) + ( c/c * e)

= Watershed Population

Percent Area Population Calculation
F=
G=
H=

D

I A * 100 = % of Watershed from Warwick prior to 1913
* 100 = % of Watershed in Warwick

d I B
e I C
a

* 100 = % of Watershed in West Warwick

*

F = Population of the Watershed prior to 1913

b

* G ) + (

C

* H)

= population of the Watershed
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APPENDIX B
Calculations for Table 8
Formula from EPA report, by McElroy et al., 1976 of Midwest
Rese~rch Institute, Missouri (EPA-600/2-76-1S1).
Load~ng Functions for Assessment of Water Pollution
from Nonpoint Sources.
page 190 (9-2)

Y(i)u

Where;
Y(i)u
(lb/day)
a

=

=

=

a * Y(S)u * C(i)u

daily total loading of pollutant i, kglday

conversion factor, 10

(metric & English)

Y(S)u = daily total loading of solids, kglday

(lb/day)
{in this case a total loading of 291
lbs/curb
milelday which is assigned to
the Northeast by
this report was used}
C(i)u = concentration of pollutant i

in solids,
uglg
{data for this number is also produced
in table 9-1 of the same report}

Total Road Area is calculated for 1989 to be 128.75 km which
are multiplied by 2 in order to obtain total curb length.
This procedure was also suggested in the EPA report.
Curb length in miles = 128.75 * 2 * .6214 mileslkm = 160.01
Residential
291 lbs/curb mileslday * 10 * 93 = 4.33
Cu kglday loading

II * 1,430

II

= 66.59

II
II * 28
= 1.304
Commercial
291 lbs/curb mileslday * 10 * 133 = 6.19
II

II

* 3440= 160

II

II

* 48

II

II

* 520 = 24.2

Industrial
291 lbs/curb mileslday * 10 * 278

II

Ni kglday
Cu kglday loading
Pb kglday

= 1.86 Ni kglday

=

II * 1,160
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Pb kglday

Zn kglday

12.94 Cr kglday loading

=

54.02 Pb kglday

APPENDIX C

Calculations for Table 9
Data for this table is from Wanielista (1979) Stormwater
Management, Quantity and Quality.
The data on relevant metals are reproduced here in a table
formate from page 13 table 1.6 of this book. Values are
presented in kglcurb km-day.
Parameter

Rural Road

City Streets

.019
.003
.009
.006
.006

.015
.007
.002
.093
.023

Cr
CU
Ni
Pb
Zn

Total curb length of 12B.75 * 2 was used

Rural Road

City Streets

Metal
Cr

.015 * 257.5 =

3.B6

.019 * 257.5 =

4.B9

Cu

.007 * 257.5 =

1.B

.003 * 257.5 =

.77

Ni

.002 *

II

.51

.009 *

II

2.32

Pb

.093 *

II

23.95

.006 *

II

1. 54

.023 *

II

5.92

.006 *

II

1. 54

Zn
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APPENDIX D
Calculations for Table 10
Data

for this table, i~ from Wanielista (1979) Stormwater
Management, Quant~ty and Quality used for the previous
set of calculation (table CL-1). For historical curb
length data a formula from the McElroy et al., 1976 EPA
report page 194 was used.

page 194 (9-3);
where

CL

=

413.11 -

(352.66)(.839)

CL = curb length density, ft/acre
PD = population density, number /acre

Total Acres of the Apponaug Watershed

=

4096.9

CL km = CL ft/acre * 4096.9 acre

-------------------------3281 ft

Year

Population

1930
1940
1950
1960
1970
1980

6403
7256
9380
13300
15915
16860

Density (PD) CL ft/acre
1. 56
1. 77
2.3
3.25
3.9
4.11

144.9
154.64
177.6
213.64
235.3
241.7

CL km
180.97
193.09
221.76
266.77
293.77
301. 8

The CL values are then used in the same manner as the table
CL-1
were obtained.
NOTE: There is no information as to the pollution loading
for years prior to 1970s when the model was created,
therefore all the values given for years prior to that time
are speculations based on various components of the model.
The data here is meant to show trends.
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